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ABSTRACT
We explore the abundance, spatial distribution, and physical properties of the OVI, OVII, and
OVIII ions of oxygen in circumgalactic and intergalactic media (the CGM, IGM, and WHIM).
We use the TNG100 and TNG300 large volume cosmological magneto-hydrodynamical sim-
ulations. Modeling the ionization states of simulated oxygen, we find good agreement with ob-
servations of the low-redshift OVI column density distribution function (CDDF), and present
its evolution for all three ions from z= 0 to z= 4. Producing mock quasar absorption line
spectral surveys, we show that the IllustrisTNG simulations are fully consistent with con-
straints on the OVI content of the CGM from COS-Halos and other low redshift observations,
producing columns as high as observed. We measure the total amount of mass and average
column densities of each ion using hundreds of thousands of simulated galaxies spanning
1011 < Mhalo/M < 1015 corresponding to 109 < M?/M < 1012 in stellar mass. Stacked ra-
dial profiles of OVI are computed in 3D number density and 2D projected column density,
decomposing into 1-halo and 2-halo terms. Relating halo OVI to properties of the central
galaxy, we find a correlation between the (g-r) color of a galaxy and the total amount of OVI
in its CGM. In comparison to the COS-Halos finding, this leads to a dichotomy of columns
around star-forming versus passive galaxies at fixed stellar (or halo) mass. We demonstrate
that this correlation is a direct result of blackhole feedback associated with quenching and
represents a causal consequence of galactic-scale baryonic feedback impacting the physical
state of the circumgalactic medium.
Key words: galaxies: evolution – galaxies: formation – galaxies: haloes – galaxies: circum-
galactic medium
1 INTRODUCTION
Oxygen, after hydrogen and helium, is the most abundant element
in the universe. It is a fundamental tracer, charting the formation of
single stars as well as entire galaxies. As the dominant metal in the
interstellar, circumgalactic, and intergalactic media, oxygen is one
of the most important elements in astrophysics, and observations
of oxygen in its various forms underpin much of our understanding
of galaxy formation and evolution. In its lower ionization states,
optical emission lines from oxygen ions including OI, OII, and OIII
? E-mail: dnelson@mpa-garching.mpg.de
arise in the photoionized gas clouds around young stars, and are
therefore common in the spectra of star-forming galaxies. Oxygen
emission from the interstellar medium (ISM) provides foundational
measurements of the galaxy mass-metallicity relation, and of the
evolution of galaxy metallicities across cosmic time.
In its three highest observable ionization states – OVI, OVII,
and OVIII, the motifs of this paper – oxygen traces gas which is
either hot, at temperatures above 100,000 kelvin, or gas at low den-
sities, with less than 10−4 atoms per cubic centimeter. All three ions
can therefore arise in the rarefied plasmas which surround galaxies
and extend out to large distances: their hot gaseous halos, com-
monly referred to as the intra-cluster medium (ICM) or circum-
ar
X
iv
:1
71
2.
00
01
6v
2 
 [a
str
o-
ph
.G
A]
  1
5 M
ar 
20
18
2 D. Nelson et al.
galactic medium (CGM), depending on the mass of the dark matter
halo. These highly ionized states of oxygen also emerge in the low
gas density structures which make up the topology of the cosmic
web of large-scale structure: the intergalactic medium (IGM).
Consequently, the ions of oxygen and their observable signa-
tures represent an important regime for theory, particularly in the
study of galaxy evolution. As a property of the gas-phase baryonic
component, the most direct and most powerful tools for understand-
ing the abundance, distribution, and properties of ionized oxygen
across this wide range of scales are hydrodynamical simulations
of cosmological volumes (Hernquist & Katz 1989; Katz & Gunn
1991; Cen & Ostriker 1992; Navarro & White 1993). Recent large-
scale projects including EAGLE (Schaye et al. 2015; Crain et al.
2015), Horizon-AGN (Dubois et al. 2014), Illustris, and now Illus-
trisTNG have reached an impressive level of theoretical and pre-
dictive utility. However, much of their focus remains on the stars,
which comprise only ∼3% of the total baryonic mass (Fukugita &
Peebles 2004), already a meager ∼5% component of the total mass
budget of the universe (Planck Collaboration 2016).
Considering the virialized gas contents of dark matter halos,
a number of computational works simulating statistically represen-
tative volumes have investigated ionized oxygen, focusing in par-
ticular on OVI at low-redshift, 0.1 . z . 0.5. With the ‘vzw’
galactic-winds model and no AGN feedback, Ford et al. (2016) pro-
posed that OVI absorption arises mainly from metals ejected from a
galaxy in the past, although the occurrence of OVI was inconsistent
with observational constraints, being too low in the simulations in
several metrics. With the Illustris model, Suresh et al. (2017) like-
wise found that the overall abundances of OVI were too low with
respect to observations. They also explored the effect, as observed,
that there is less OVI around passive galaxies than star-forming
galaxies, attributing this dichotomy to AGN feedback. With the
EAGLE model, Oppenheimer et al. (2016) also found that the over-
all normalization of simulated column densities was below obser-
vational constraints. Focused on the differential signatures around
red versus blue galaxies, they found an effect qualitatively similar
to observations, which was explained as due to halo mass instead of
feedback. Using calculations with thermal supernova and no AGN
feedback, Cen (2013) similarly explored the different levels of ab-
sorption around red and blue galaxies, finding that the OVI bearing
warm halo gas is transient, requiring constant energy injection.
OVI has also been explored with single zoom simulations of
just one, or a handful of, individual galaxies. The focus is almost al-
ways on the Milky Way mass regime, and always with the caveat of
low number statistics. Hummels et al. (2013) emphasized the pos-
sibility to constrain different supernova feedback recipe strengths,
finding it difficult with any explored model to reproduce NOVI
columns as high as observed. Similarly, Liang et al. (2016) found
simulated Milky Way mass systems unable to reproduce columns
or large distance covering fractions as high as observed. Across a
larger range in galaxy mass Gutcke et al. (2017) also concluded a
deficit of order half a dex of simulated OVI columns as compared
to observational measurements.
Overall, numerical studies so far that utilize standard recipes
for galaxy physics have failed to produce metals in the tempera-
ture and density regime needed to reproduce observations of OVI.
One idea to remedy the apparent deficiency of this ion in simula-
tions is that time-variable radiation fields from AGN coupled with
non-equilibrium ionization effects may produce larger ionic abun-
dances than equilibrium calculations alone (Vasiliev et al. 2015),
also demonstrated in hydrodynamical simulations (Segers et al.
2017; Oppenheimer et al. 2018). Other possibilities for the phys-
ical origin of the OVI phase include radiative cooling flows (Bor-
doloi et al. 2017; McQuinn & Werk 2018), formation in fast shocks
(Gnat & Sternberg 2009), or within thermally conductive interfaces
(Borkowski et al. 1990; Gnat et al. 2010; Armillotta et al. 2017).
A number of recent observational campaigns have explored
OVI in particular (reviewed in Tumlinson et al. 2017). The line dou-
blet of O5+ at 103.19nm, 103.76nm is a resonance transition with
permitted absorption transitions out of the electronic ground state in
the rest-frame ultraviolet. At low redshift, space observatories are
therefore required, and the Cosmic Origins Spectrography (COS)
instrument on the Hubble Space Telescope has enabled many new
studies beyond the previous abilities of FUSE/STIS. Data on OVI
from quasar spectra is commonly combined with optical surveys to
associate gas absorption with close impact parameter galaxy candi-
dates. Notably, Prochaska et al. (2011) found a covering factor of
order unity for OVI absorption out to the virial radius, or beyond,
for their z < 0.6 sub-L? sample. The targeted COS-Halos survey
validated this result over an extended mass range, particularly for
close impact parameters 6 200 kpc, and noted the dichotomy of
systematically less OVI around red as opposed to blue galaxies
(Tumlinson et al. 2011; Werk et al. 2012, 2013). The eCGM sur-
vey, with increased statistics down to smaller M? values and larger
impact parameters > 200 kpc, also found high covering factors of
strong OVI absorption (Johnson et al. 2015). We directly compare
to these two datasets in this paper. Connecting to further details of
the central galaxy, the Multiphase Galaxy Halos survey (Kacprzak
et al. 2015) found an azimuthal dependence of OVI absorption with
respect to the orientation of the galaxy disk, together with an orien-
tation independent kinematic uniformity (Nielsen et al. 2017).
At larger spatial scales, hydrodynamical simulation volumes
also probe the distribution of ionized oxygen in the IGM or
‘warm/hot intergalactic medium’ (WHIM; Cen & Ostriker 1999;
Dave´ et al. 2001). The random incidence of ionized oxygen ab-
sorption, for instance as a function of column density, is quantified
in the column density distribution function (CDDF) which provides
a benchmark comparison against a robust low-redshift observable
(Danforth & Shull 2008; Thom & Chen 2008; Tilton et al. 2012).
For instance, Rahmati et al. (2016) provides the z ' 0.2 OVI CDDF
for the EAGLE model, and Suresh et al. (2015) likewise for Illus-
tris, both generically under-predicting the incidence of high column
density absorption. Oppenheimer et al. (2012) computes the OVI
CDDF of the ‘vzw’ type models (no AGN feedback), pointing out
the sensitivity to the wind parameters as well as to the numerical
treatment of metal mixing.
Moving to the higher ionization states, He-like OVII and
H-like OVIII ions both have radiative transitions at x-ray energies.
Absorption in both ions from within or near-field to the Milky Way
CGM has been measured by Chandra (Nicastro et al. 2002) and
XMM-Newton (Rasmussen et al. 2003; Bregman & Lloyd-Davies
2007). Semi-empirical models often combining OVII and OVIII
tracers in either absorption or emission then determine consistent
gas density profiles and other characteristics of our nearby circum-
galactic gas reservoir (Miller & Bregman 2015; Li & Bregman
2017; Faerman et al. 2017), emphasizing the possible tension of the
‘missing baryons’ problem. Simulations have provided predictions
for emission from the WHIM as well as from the gaseous halos
around larger groups and clusters (Kravtsov et al. 2002; Yoshikawa
et al. 2003; Fang et al. 2005; Bertone et al. 2010) as expected from
the theory of collapse (Silk 1977; White & Rees 1978). Beyond
the Milky Way, resolved measurements of OVII or OVIII remain
difficult due to the spectral resolution and sensitivity of current in-
strumentation (see review in Bregman 2007), with several recent
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efforts towards detection in both absorption (e.g. Buote et al. 2009;
Williams et al. 2013) and emission (Pinto et al. 2014).
Together, these three highest observable ionization states of
oxygen act not only as detectable tracers of the largest baryon reser-
voirs in the universe, they are also sensitive to the physical details
and assumptions of the theoretical modeling, particularly in cos-
mological hydrodynamical simulations. The purpose of this paper
is therefore (i) to provide a comprehensive theory-based census of
the abundance and distribution of these ions, (ii) to understand how
robust our current computational predictions are, and (iii) to use
these models to comment on the physical nature of highly ionized
oxygen and its relation to luminous galaxies.
In Section 2 we describe the TNG simulations (2.1) and all our
current analysis methodology (2.2 - 2.5). Section 3 then provides a
census of the distribution of ionized oxygen on large, intergalac-
tic scales, while Section 4 assesses circumgalactic scales and com-
pares to quasar absorption line observations. Moving into a largely
theoretical exploration, Section 5 connects the halo CGM to prop-
erties of the central galaxy. We finish with a discussion in Section 6
and summarize our conclusions in Section 7.
2 METHODS
2.1 The TNG Simulations
The IllustrisTNG project1 (Pillepich et al. 2018b; Nelson et al.
2018; Naiman et al. 2017; Marinacci et al. 2017; Springel et al.
2018) is the successor of the Illustris simulation (Vogelsberger et al.
2014a,b; Genel et al. 2014; Sijacki et al. 2015). It uses our updated
‘next generation’ galaxy formation model which, in addition to in-
cluding new physical ingredients, significantly refines the original
Illustris model. Full details of the approach used for the TNG cos-
mological simulations are available in Table 1 of Pillepich et al.
(2018a), which enumerates the principal differences with respect
to the original Illustris model – in combination with Weinberger
et al. (2017), which focuses on the high-mass end and the black-
hole feedback. Explorations of the model behavior and its sensi-
tivity to variations on smaller test volumes are also presented in
those two TNG methods papers. Every aspect of the implementa-
tion, including all parameter values and simulation code numerics,
are described therein and entirely unchanged for our production
simulations. For brevity we here identify only the main aspects.
TNG is a series of three large cosmological volumes, simu-
lated with gravo-magnetohydrodynamics (MHD) and incorporat-
ing a comprehensive model for galaxy formation physics. It uses
the AREPO code (Springel 2010) which solves the coupled equa-
tion systems of self-gravity and ideal, continuum MHD (Pakmor
et al. 2011; Pakmor & Springel 2013). Gravity is computed us-
ing a Tree-PM approach, whereas the fluid dynamics employ a
Godunov/finite-volume approach where the spatial discretization is
an unstructured, moving, Voronoi tessellation of the domain. The
numerical scheme is therefore quasi-Lagrangian; it is also second
order in space as well as in time (see Pakmor et al. 2016), leverages
a nested binary hierarchy of individual particle timesteps, and has
been designed to efficiently execute massively parallel distributed
memory astrophysical simulations.
The TNG simulations include a thorough physical model for
the dominant processes which guide the formation and evolution of
1 http://www.tng-project.org
galaxies. Namely: (i) gas radiative mechanisms at the microphys-
ical scale, including cooling from a primordial/metal-enriched gas
plus heating from a time-evolving, spatially uniform background
radiation field, (ii) star formation at high gas densities in the ISM,
(iii) the evolution of stellar populations and subsequent chemical
enrichment following both supernovae Ia, II, as well as AGB stars,
while individually tracking the production, return, and gas-phase
advection the nine elements H, He, C, N, O, Ne, Mg, Si, and Fe,
(iv) galactic-scale outflows driven by stellar feedback energy, (v)
the formation, binary merging, and gas accretion of supermassive
blackholes, (vi) and multi-mode blackhole feedback which oper-
ates either in a thermal ‘quasar’ mode at high accretion rates, or a
kinetic ‘wind’ mode at low accretion rates.
Blackholes are seeded in massive halos and then accrete
nearby gas at the Eddington limited Bondi rate. Based on this ac-
cretion rate, their feedback mode is determined. When the Edding-
ton ratio exceeds a threshold of χ = min[0.002(MBH/108M)2, 0.1]
thermal energy is injected continuously into the surrounding gas.
The rate is ∆Ehigh = f,highrM˙BHc2 where f,high is the high-state
coupling efficiency, r is the radiative accretion efficiency, and
f,highr = 0.02. Below this threshold, kinetic energy is injected as
a time-pulsed, oriented ‘wind’ with a direction which reorients for
each event. The rate is ∆Elow = f,lowM˙BHc2 with f,low 6 0.2 (its
typical value at onset), the efficiency decreasing at low environ-
mental density (see Weinberger et al. 2017).
Galactic-scale outflows generated by stellar feedback are
modeled using a kinetic wind approach, whereby the available en-
ergy from SNII is used to stochastically eject star-forming gas
cells from galaxies. The injection velocity of such wind particles
is vw ∝ σDM where σDM is the local dark matter velocity disper-
sion, subject to a minimum vw,min = 350 km/s. The mass load-
ing of the winds is then η = M˙w/ ˙MSFR = 2(1 − τw)ew/v2w where
τw = 0.1 is the thermal energy fraction and ew is a metallicity de-
pendent modulation of the canonical 1051 erg available per SNII.
Winds particles are hydrodynamically decoupled from surrounding
gas until they exit the dense, star-forming environment. The total
energy available to drive winds from a gas cell therefore depends
on its instantaneous star formation rate as ∆E = ewM˙SFR which is
roughly ' 1041 − 1042 erg/s M˙SFR/(M/yr) depending on the local
gas metallicity (see Pillepich et al. 2018a).
The energetic balance between stellar and blackhole feedback
as a function of mass and redshift has been explored in Wein-
berger et al. (2018). For example, we find that in galaxies with
M? ' 1010.5 M at z = 0 the energy injection rate from black-
holes dominates that of supernovae at all z . 6, wherein the BH-
driven kinetic wind is energetically dominant only at late times with
∼ 3 − 4 × 1042 erg/s versus an energy budget of ∼ 1041 erg/s from
stellar feedback. At this same mass scale galaxies have wind veloc-
ities vw ∼ 800 km/s and mass loadings η ∼ 2 at z = 0.
The TNG project includes three distinct simulation volumes:
TNG50, TNG100, and TNG300. Here we make use of the two
currently completed, larger volumes: TNG100, which includes
2×18203 resolution elements in a ∼ 100 Mpc (comoving) box, and
TNG300, which includes 2×25003 resolution elements in a ∼ 300
Mpc box. For TNG100 the baryon mass resolution is 1.4× 106 M,
the gravitational softening length of the dark matter and stars is 0.7
kpc at z= 0, and the gas component has an adaptive softening with a
minimum of 185 comoving parsecs. For TNG300 the baryon mass
resolution, collisionless softening, and gas minimum softening are
1.1 × 107 M, 1.5 kpc, and 370 parsecs, respectively. For the com-
plete numerical details of these two runs and their lower resolution
analogs see Table A2 of Nelson et al. (2018).
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For TNG we invoke a cosmology consistent with recent obser-
vational constraints (Planck Collaboration 2016), namely ΩΛ,0 =
0.6911, Ωm,0 = 0.3089, Ωb,0 = 0.0486, σ8 = 0.8159, ns = 0.9667
and h = 0.6774. Throughout this work we identify gravitationally
bound substructures using the SUBFIND algorithm (Springel et al.
2001) and connect them through time with the SUBLINK merger
tree algorithm (Rodriguez-Gomez et al. 2015). Halo masses are al-
ways given as M200,crit and by virial radii we mean the correspond-
ing spherical overdensity r200,crit values. Stellar masses of the cen-
tral galaxy are always restricted to a three dimensional aperture of
30 physical kpc. The (g-r) colors of galaxies are computed accord-
ing to the fiducial model of Nelson et al. (2018) accounting for dust
attenuation effects.
2.2 Modeling Metal Ionization States
To compute ionization states we use CLOUDY (Ferland et al.
2013, v13.03) including both collisional and photo-ionization in
the presence of a UV + X-ray background (the 2011 update of
Faucher-Gigue`re et al. 2009).2 We follow Bird et al. (2014) and
use CLOUDY in single-zone mode and iterate to equilibrium, ac-
counting for a frequency dependent shielding from the background
radiation field (UVB) at high densities, using the fitting function of
Rahmati et al. (2013). As gas cells in the simulation are essentially
single-zone (i.e. no internal density structure), it would be inconsis-
tent to assume a multi-zone or more complex geometry in the pho-
toionization calculation. Any physical mechanism producing metal
ions in gas structure with very small physical scales (kpc) would
not be resolved in our current simulations, and not accounted for
herein. We do not consider the impact of local sources of radiation
beyond the UVB.
We run CLOUDY in the ‘constant temperature’ mode, with no
induced processes (following Wiersma et al. 2009) and assuming
the solar abundances of Grevesse et al. (2010). From the simulation
output a 4D grid in (nH, T, Z, z), hydrogen number density, temper-
ature, metallicity, and redshift is produced with the following con-
figuration: −7.0 < log(nH[cm−3]) < 4.0 with step size ∆nH = 0.1,
3.0 < log(T[K]) < 9.0 with ∆T = 0.05, −3.0 < log(Z[Zsun]) < 1.0
with ∆Z = 0.4, and 0 < z < 8 with ∆z = 0.5. Note that the metallic-
ity dependence is minimal, while the redshift dependence captures
the changing intensity and spectral shape of the assumed back-
ground radiation field. At each grid point we determine and save
the ionization fraction xi, j of the jth ion of species i. The total mass
(or volume number density) of an ion within a gas cell is then given
by this ionization fraction times the mass (or number density) of
the parent species. We therefore have an estimate of the total mass,
spatial distribution of that mass, and kinematics, of any ion such
as OVI throughout the entire simulation volume. For the oxygen
ions considered herein, we directly use the oxygen content which
is produced, tracked, and output by the simulation, and do not as-
sume solar abundances.
Column densities and number densities, in units of cm−2 and
cm−3 respectively, always indicate the number of oxygen atoms per
square or cubic centimeter.
2 This radiation field includes energies from 0.5 to ∼4000 Rydberg, and we
note that it has a lower intensity than Haardt & Madau (2012) at frequencies
near the ionization energy of OVI, by roughly a factor of 3.5. The intensity
of the UVB will be important for establishing the amount of photo-ionized
OVI. However, our choice of UVB is the only one self-consistent with the
simulations themselves, and we do not explore other options herein.
2.3 Two-Point Correlation Functions
The correlation function of gas metal mass in a given ionization
state provides a convenient, statistical way to quantify the distri-
bution of metal ions at a given spatial scale. We measure the three
dimensional real-space two-point autocorrelation function - for ex-
ample, of OVI mass ξOVI(r), by taking the positions of all gas cells
in the simulation volume, weighting by their total ionic mass. Al-
though typically employed on discrete point sets, the 2-point func-
tion is the Fourier transform of the power spectrum and can also
be used with a continuous density field as we do herein (Peebles
1973). In the periodic geometry of the simulation volumes we use
the natural estimator
ξ(ri) =
DDi
RRi
− 1 (1)
where DD are the number of (optionally weighted) pairwise dis-
tances x jk of a given sample between ri and ri + ∆ri
DDi =
N∑
j,k=1
w jwk
[
θ
(
x jk − ri
)
− θ
(
x jk − (ri + ∆ri)
)]
. (2)
Here θ is the Heaviside unit step function, and the w j = wk = 1
in the case of uniform weighting. We take Nbin = 40 logarithmi-
cally spaced bins from rmin = 2 kpc h−1 to rmax = 20 Mpc h−1, a
dynamic range of 10,000. Around this upper limit box size effects
start to compromise spatial clustering measurements for TNG300
(Springel et al. 2018). For a sample of N gas cells in a periodic cube
where each bin is a spherical shell, no actual random samples are
needed and the expression for RRi can be written down directly
RRi = Vbinn¯ =
4pi
3
[
(ri + ∆ri)3 − r3i
]
(N2w¯2/L3box). (3)
where w¯ is the mean weight. In practice, with possibly tens of
billions of individual gas cells, it is both prohibitively expensive
and statistically unnecessary to compute the ξ(r) statistic for all
pairs. We therefore downsample to ' 3 × 106 for the j sum, al-
ways keeping the k sum complete. To estimate errors, we use
the jackknife technique (see Norberg et al. 2009) by successively
excluding contiguous particle intervals each of size Ngas/105 for
a total of Nsub = 100 resamplings. From the estimated covari-
ance matrix C we plot errors corresponding to one sigma values
σi = (Ci,i/Nsub)1/2.
2.4 Column Density Distribution Functions
We compute the column density distribution function (CDDF) of a
given mass tracer f (Nq) as
f (Nq) =
F(Nq)
∆Nq∆X(z)
(4)
where ∆X(z) = (H0/c)(1 + z)2Lbox is the dimensionless absorp-
tion distance for a cubic simulation volume of comoving sidelength
Lbox, and F(Nq) is the fraction of gridded columns in some small
column density bin ∆Nq centered around Nq. We consider the mass
tracers q ∈ {OVI,OVII,OVIII} in this work.
In order to calculate F(Nq) we project all the tracer mass in
some depth through the simulation volume onto a regular grid (fol-
lowing Bird et al. 2013), using the standard cubic-spline kernel with
support h = [3V/(4pi)]1/3 where V is the volume of each simulation
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gas cell. Each projection grid cell is therefore an approximation of
a single observed line of sight. We use a constant grid cell size of
' 7.4 ckpc (a grid dimension of 41000x41000 for TNG300), for
which we verify the CDDFs are converged by varying this size by
a factor of two in each direction.
Unless stated otherwise, we adopt a depth of 10 cMpc/h, cor-
responding to ' 12.3 pMpc and a velocity range ∆v ' 750 km/s
at z = 0.2. This is large enough to cover the typical extent over
which observed OVI absorption components are considered to be
single systems, and small enough that multiple absorption systems
do not accumulate along individual sight lines due to excessive path
lengths (see Danforth et al. 2016, and Section 3.1 below for the in-
herent limitations of this approach).
2.5 Oxygen Ion Column Densities and Covering Fractions
To obtain column densities around a simulated galaxy, OVI mass is
projected onto a square grid with a given transverse size and pro-
jection depth. For comparison to COS-Halos, the grid size is 800
pkpc and the projection depth is 3 pMpc, the same depth used for
the 2D radial column density profile calculations. For comparison
to the eCGM survey, the grid size is 2.6 pMpc and the projection
depth is 4 pMpc, which corresponds to a Hubble expansion induced
∆v ' 250 km/s at z = 0.2. Grid sizes are chosen to cover the range
of observed impact parameters, and projection depths in approx-
imate equivalent to the velocity interval over which the observa-
tional search for OVI absorption is undertaken. The pixel scale in
all cases is a constant 2 pkpc, and projection is always along the
fixed z-axis of the simulation volume (and therefore random with
respect to the orientation of the galaxy). As with the CDDF com-
putations, we assume the ion mass in a given gas cell is spatially
distributed following the standard cubic-spline kernel with support
h = [3V/(4pi)]1/3 with V is the volume of the Voronoi gas cell.
For comparison to column density measurements, a single
NOVI value is selected for each simulated realization of each ob-
served galaxy, by randomly choosing among all the pixels which
share the same distance from the central galaxy which is closest
to the requested impact parameter – in effect, a random position
angle on the plane of the sky. For comparison to covering fraction
measurements, the fraction of pixels above a threshold NminOVI in the
projected radial distance bin relative to the total number in that bin
is the covering fraction κOVI, and we show the median and 1σ val-
ues taken across the simulated ensemble in each radial bin.
3 THE ABUNDANCE AND SPATIAL DISTRIBUTION OF
IONIZED OXYGEN: INTERGALACTIC SPACE
The production and subsequent evolution of cosmic heavy elements
encodes a rich corpus on the interplay between star formation,
stellar evolution, gas dynamics, and baryonic feedback processes
across a wide range of scales. We therefore begin with a visual
impression of the distribution of ionized oxygen from the largest
scales of the intergalactic medium down to highly structured ion
morphologies within the halos of individual galaxies.
Figure 1 shows the disposition of several different oxygen ions
in the TNG100 cosmological simulation at z = 0. First, the OVII
column density, tracing the large-scale cosmic web of filaments and
collapsed halos (top panel). The most massive cluster in the simu-
lation (frame center; near x ∼ 30 Mpc and y ∼ 70 Mpc) appears de-
ficient in OVII as the bulk of its oxygen is at even higher ionization
states. As an example, we then zoom onto a small galaxy cluster of
total mass ' 1013.8 M (and virial radius ∼ 900 kpc) to visualize its
OVIII column density (lower right panel). As we show later, such a
cluster has more OVIII than either OVII or OVI, with a total gravi-
tationally bound mass of MOVIII ∼ 108.5 M. On the outskirts of this
large overdensity we further zoom onto the scale of a small group,
showing the OVI column density. The galaxy at the center of this
group has a stellar mass of ' 1010.7 M (total Mhalo ' 1012.5 M). At
this mass scale, OVI is sub-dominant to OVII, with a total bound
mass of the former of MOVI ∼ 106.5 M. Although centrally con-
centrated, the distribution of ionized OVI around a halo like that
shown is clearly influenced by the complexities of the nearby envi-
ronments, including the presence of other, smaller galaxies.
Returning to the largest scales, Figure 2 shows the abun-
dance of OVI relative to OVIII across the cosmological volume
of TNG100 at z = 0. The colormap indicates the mean ratio of
MOVI/MOVIII along each line of sight, which varies by more than a
factor of 10,000 depending on environment. In under-dense cosmic
voids, the two ions are roughly in equipartition (orange), whereas
in the thin, dense filaments of the cosmic web OVI dominates over
OVIII by a factor of 100 or more (dark blue). In contrast, the viri-
alized gas halos around massive groups and clusters are dominated
by OVIII, again by factors of 100 or more (red), and this is also true
in the localized IGM around these high mass halos as well as in the
largest cosmic web filaments which bridge between them.
To better understand the density and temperature regimes
within which each oxygen ion arises, Figure 3 shows two diag-
nostics of ionization fraction for each of OVI, OVII, and OVIII.
The top panels show the direct output of our CLOUDY model-
ing, as a function of hydrogen number density and temperature,
for a fixed metallicity Z = 0.1Z and the redshift zero UVB. The
largely horizontal band represents the collisional excitation regime,
while the low-density vertical branch arises from photoionization.
At z = 0 this process dominates below a hydrogen number density
of nH . 10−5 cm−3. At redshift two near the peak of the cosmic
SFRD this threshold density is approximately two dex higher, be-
fore dropping again towards high redshift. Ionization of oxygen in
the low redshift CGM is largely controlled by collisional excitation,
the abundance fractions therefore peaking at characteristic temper-
ature regimes of TOVI ∼ 105.5 K, TOVII ∼ 106.0 K, and TOVIII ∼ 106.5
K, respectively, which are essentially independent of gas density for
sufficiently high densities. There are, however, significant contribu-
tions to OVI, OVII, and OVIII across widely overlapping ranges of
the phase diagram.
The occurrence of ionized oxygen in the simulation is a con-
volution of this ionization fraction with the occupation of gas-phase
oxygen in the appropriate density, temperature, and (to a lesser de-
gree) metallicity space. The bottom panels of Figure 3 therefore
show the phase-space diagram of the global TNG100 cosmolog-
ical volume at z = 0, except weighted in each case by the ion
mass in OVI, OVII, or OVIII, respectively. The three contour levels
on each panel enclose the (nH,T ) regions where the relative abun-
dances in ion mass are 0.1, 0.01, and 0.001, respectively. The three
ionization states of oxygen occupy different, although overlapping,
density and temperature regimes. Peak ion mass occurs roughly at
−6.0 < log(nH [cm−3]) < −4.0 and 5.5 < log(T [K]) < 6.5, shifting
to lower densities and higher temperatures with increasing ioniza-
tion. The bulk of OVI is produced in 105 − 106 K gas while OVIII
emerges at higher temperatures of 106 − 107 K. There is little OVI
in the region of T > 106 K and nH > 10−4 cm−3. The high density
branch of OVI at T ' 105.3 K largely disappears for OVII and is
replaced with the diagonal extension towards the upper right of the
panel for OVIII. All three ions extend into the lower-left diagonal
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Figure 1. The distribution of highly ionized oxygen in the TNG100 cosmological simulation at z = 0. In the upper panel, the column density of OVII tracing
the large-scale cosmic web of filaments and collapsed halos. Here we project through a depth of 15 Mpc, a seventh of the entire volume. The 50 most massive
visible halos are shown as white circles at their virial radii. In the lower right panel, we zoom onto a small galaxy cluster – the 23rd most massive – showing its
OVIII column in a box of side length 3.5rvir. The 50 most massive satellites of this halo are again shown with smaller circles, while the large circle corresponds
to the virial radius (∼ 900 kpc) of the halo itself, which has a total mass of ' 1013.8 M. In the lower left panel, we further zoom onto the scale of a small
group, whose central galaxy has M? ' 1010.7 M and total Mhalo ' 1012.5 M, showing the OVI column density projected in a box of side length 3rvir.
branch of the low density WHIM, nH 6 10−7 cm−3, where the typi-
cal gas temperature drops below 10,000 K. However, in comparison
to higher densities and temperatures, the relative paucity of highly
ionized oxygen in this regime indicates that most of these ions arise
in the virialized gas of collapsed structures.
3.1 Column density distributions of OVI, OVII, and OVIII
To quantify the relative frequency of different metal column den-
sities on large scales we employ the column density distribution
function (CDDF). This 1-point statistic measures the relative occur-
rence of different columns; observationally, the rate of incidence of
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Figure 2. The relationship between highly ionized OVI and OVIII across the TNG100 cosmological simulation at z = 0. We show a slice 15 Mpc deep along
the line of sight direction, where the color indicates the average ratio of the mass present in the OVI versus OVIII ions of oxygen. Thin, small-scale cosmic
filaments are dominated by OVI by a factor of 100 or more (blue), whereas the virialized gas in massive collapsed halos, as well as in large cosmic filaments
between clusters and the near-field IGM around clusters are dominated by OVIII, also by a factor of 100 or more (red). Regions of the volume near unity
(orange) show where these two ions are equally abundant – in low-density, low-metallicity cosmic voids. The 50 most massive visible halos are shown as white
circles at their virial radii.
different absorbing systems with a given column density, typically
in one or more high-resolution quasar sightlines. We compute the
CDDFs of OVI, OVII, and OVIII from the simulations as described
in Section 2.4, and Figures 4 and 5 show the result. First, we com-
pare to the observed OVI CDDF at low-redshift. This is now a well
measured quantity, and therefore a first constraint on the accuracy
of the OVI content of the simulations. The CDDF is computed at a
fixed simulation redshift of z = 0.2 to compare to observed datasets
spanning roughly 0.1 < z < 0.7. The corresponding column den-
sity values extend from the IGM regime (NOVI . 1013 cm−2) to the
dense centers of massive halos (NOVI & 1015 cm−2). For instance,
the probability of intersecting a low 1013 cm−2 column is more than
four orders of magnitude higher than for a ∼ 1015 cm−2 column (for
a bin size constant in linear space, or by two orders of magnitude
for a NOVI bin size constant in logarithmic space).
In this calculation the OVI mass from every gas cell in the sim-
ulation within a projection depth of ' 12.3 pMpc is included. Note
that the low column end of the CDDF in particular is sensitive to
this depth, and we have here taken a reasonable value for the obser-
vational comparison, in order to cover the typical allowed absorber
8 D. Nelson et al.
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Figure 3. Top panels. Ionization fractions of OVI, OVII, and OVIII as a function of density and temperature. The output of the CLOUDY modeling given our
assumed background radiation field (at z = 0), and for a fixed metallicity of Z = 0.1Z. Whereas the horizontal bands represent the regime of predominantly
collisional excitation, the largely vertical bands at low hydrogen number densities arise from photoionization; simulation independent. Bottom panels. Phase
diagrams in density temperature space for the TNG100 simulation at z = 0. From left to right, these are weighted by the total per-pixel ion mass of OVI, OVII,
and OVIII, respectively. The normalized colormap indicates the relative ion mass fraction – i.e., dark purple values at -4.0 have 10,000 times less ion mass per
pixel than peak pixels in yellow. The three black contours enclose relative mass log fractions of {−1.0,−2.0,−3.0}, from innermost to outermost.
velocity range (see Methods 2.4 and Danforth et al. 2016). This is
only an approximation, for several reasons. Namely, observational
columns are determined by absorption profile fitting to individual
components or systems or components (Tripp et al. 2008). By grid-
ding projected ion masses we measure column densities in a differ-
ent way, such that nearby absorption components are grouped to-
gether. A more faithful comparison to these datasets would involve
profile fitting in synthetic absorption spectra. However, this would
require a fully automated procedure for the detection and fitting of
absorption components (e.g. Dave´ et al. 1997) in both the real and
mock spectra. This is not typically done nor readily available, and
we do not undertake this additional complexity here.
The uncertainty band around the TNG100-1 line encapsulates
the degree of variation of the same calculation repeated with minor
methodological changes. Specifically, the size of the griding pixels
is varied by a factor of two, in both directions. In addition, the oxy-
gen content tracked in simulated gas cells is ignored and instead
solar abundance patterns are assumed. These changes only affect
the high column end of the CDDF, and to a negligible degree.
We include comparison to observations from Danforth &
Shull (2008), Thom & Chen (2008), Tripp et al. (2008), and Dan-
forth et al. (2016) which all use UV quasar absorption spectra from
either STIS or COS and provide an essentially random sampling
of sightlines through the low redshift IGM. As the most recent
dataset with the best statistics, we focus particularly on Danforth
et al. (2016). In general there is reasonable agreement with the
TNG volumes across two dex in column density, with the simula-
tions commonly showing an apparent excess for the highest column
absorbers. This is however a difficult observational regime, where
line saturation and line blending result in large observational un-
certainties at NOVI & 1014.5 cm−2 (see discussion in Rahmati et al.
2016). Nonetheless, this broad consistency implies that the simula-
tions produce roughly the right amount of OVI by redshift zero and
distribute it more or less correctly across different columns.
In Figure 4 we include five different simulations: the TNG100
volume at progressively decreasing resolution levels -1, -2, and -3,
as well as the large TNG300-1 simulation (equivalent in resolution
to TNG100-2), and the original Illustris-1 simulation (equivalent
in resolution to TNG100-1). First, we see that the TNG300 line is
indistinguishable from its matched resolution TNG100-2 counter-
part – the large volume is clearly not needed for the CDDF statistic.
Second, we see that the OVI CDDF is not invariant to resolution,
decreasing at fixed column for lower resolution runs. This is not
unexpected, as even the total metal mass or total ion mass in the en-
tire simulation volume will scale with the total stellar mass formed,
which itself is not perfectly converged in the TNG model (see dis-
cussions in Pillepich et al. 2018a,b). Differences in the amount of
redistribution, at fixed total mass, due to feedback from BHs, galac-
tic winds, and/or hydrodynamical mixing will also apply.
Although the differences between the TNG100-2 and
TNG100-1 curves are of the same order as the observational er-
rors, there is a hint that this statistic is converging towards a re-
sult which would be slightly above the uppermost curve. Variation
with resolution is sub-dominant to variation of physical model –
the original Illustris line is significantly lower than TNG100, by
roughly one order of magnitude at most columns. This leads to a
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Figure 5. The redshift evolution of the OVI (left), OVII (center), and OVIII (right) CDDFs for TNG100 from z = 0 back to z = 4. All three ionization
states show complex behavior beyond a simple powerlaw in Noxygen. In the case of OVI, for NOVI < 1015 cm−2 f (N) increases monotonically with time
as progressively more oxygen is produced and distributed. The incidence of the highest column densities is fixed prior to redshift zero. The overall redshift
evolution of the OVII and OVIII CDDFs is similar, although there are fewer low columns, and significantly more high columns, in comparison to OVI.
tension of the Illustris simulation when compared against the ob-
served OVI CDDF (explored in Suresh et al. 2015) which is al-
leviated in the TNG simulations. Taken at face value, the formal
reduced χ2 values of the Danforth et al. (2016) OVI CDDF com-
pared to TNG100-1, TNG300-1, and Illustris from Figure 4 are 6.9,
1.5, and 31.1, respectively; the remarkable statistical goodness of
fit for TNG300-1/TNG100-2 being a coincidental alignment of the
resolution dependent curve with the observational constraints. As
neither the total amount nor spatial distribution of oxygen, much
less OVI, was used in the development of TNG, the comparison
demonstrates how this particular statistic provides an orthogonal
constraint (or check) on our galaxy formation models.
In Figure 5 we show the redshift evolution of the OVI, OVII,
and OVIII CDDFs for TNG100 from z = 0 back to z = 4. Broadly,
all three are increasingly built up over this redshift range with
f (N) increasing towards redshift zero. For OVI (green curves), at
NOVI > 1015 cm−2 the CDDF is established since z = 2, although
not as early as z = 4. The amplitude of the CDDF at the highest
columns even decreases slightly from z = 1 to the present time,
likely due to the late-time redistribution of the densest halo gas by
baryonic feedback processes. With respect to OVI, the higher ion-
ization states of oxygen are more commonly found at high column
densities above ' 1015 cm−2. As a result, f (N) follows more closely
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Figure 6. Impact of physical variations in the TNG galaxy formation model
on the OVI CDDF, shown in its first moment N f (N) at z = 0. Results are
given for a series of test simulations in 37 Mpc side-length volumes at the
nominal resolution of TNG100-1. The result for the fiducial TNG model
is shown in black; colored lines each show a different simulation with one
model aspect or parameter changed, except for the old Illustris model result
(light orange). In this panel we show the most important variations which
lead to significant differences in the CDDF. The number in parentheses for
each model gives the z = 0 global value of 107 × (ΩOVI = ρOVI/ρcrit,0).
a powerlaw over a large dynamic range in column – particularly so
for OVII, and at higher redshifts.
3.2 Sensitivity of the CDDF to physical model variations
The comparison of the Illustris and TNG OVI CDDFs demon-
strated that ingredients of the physical model can have a significant
impact. In order to determine the model parameters and/or com-
ponents which play the largest role, we turn to a large suite test
simulations, each of which varies one parameter value or aspect of
the model. These variations therefore provide perturbations about
our fiducial TNG galaxy formation model. A large number of vari-
ants, covering most possible model aspects of interest allows us to
unambiguously select those which generate the largest variations in
the simulated column density distribution functions.3
Figure 6 shows the result, given in terms of N f (N), the first
moment of the z = 0 OVI CDDF, together with the global ΩOVI.
With respect to the fiducial model realization (in black) even the
most extreme changes scatter about the base TNG model, although
with significant differences in detail. The most important aspect
here of the galactic scale winds is their injection velocity (see Fig-
ure B2 of Pillepich et al. 2018a, the impact on late time stellar
mass production also being significant). Faster winds (dark blue)
which are therefore less mass-loaded steepen the CDDF, strongly
suppressing large columns. Conversely, winds slower by a factor
of two (orange) flatten the CDDF more than any other variation,
producing both the most low and high columns at the expense of
3 Each variant simulation is run at roughly the full resolution of TNG100-1
(6.4 versus 6.2 in log M baryon mass), except in a smaller volume with
a side-length of ' 37 cMpc, requiring therefore 2 × 5123 resolution ele-
ments. The exact configuration of these test simulations is the same as, and
described fully in, Pillepich et al. (2018a). As already demonstrated, the
smaller volumes do not affect the CDDF measurement.
intermediate values. In contrast, most changes qualitatively follow
that of faster winds, falling below fiducial at NOVI & 1014.5 cm−2;
these include less metal rich/loaded winds (green), no metal-line
cooling of enriched gas (red), no blackholes nor their energetic
feedback, with metal cooling also removed (pink), no BH quasar
mode feedback (light gray), no BH radiative feedback (pink), and
a lower BH mass for the onset of kinetic-mode FB (light blue; the
denominator of Equation 5 in Weinberger et al. 2017, decreased by
a factor of four). These changes are all consistent with OVI mass
more broadly distributed in space, thereby increasing the incidence
of low columns at the expense of highly localized regions of en-
richment.
On the other hand, the three remaining variations act in the
other direction, lying above the fiducial model at high columns,
indicative of more spatially concentrated OVI: no galactic winds
(i.e. no stellar feedback; brown), no feedback whatsoever – neither
winds nor blackholes (purple), and no kinetic-mode/low-state BH
feedback (gold). In these cases, the exact shape of the curves is
the result of an overproduction of oxygen and metals in general
(with e.g. ΩOVI = 9.6 × 10−7 in the ’no feedback + no mcooling’
model, which is higher than the TNG fiducial case) as well as a
more limited spreading of metals throughout the CGM and IGM
due to the absence of a physical redistribution mechanism such as
winds from either supernovae or black holes. Even in these cases,
however, metals can extend far beyond their production sites due to
dynamical effects such as tidal stripping, or due to hydrodynamical
mixing and/or diffusion.
The Illustris model line (light orange) is an obvious outlier to
all the TNG model variations, being too low in normalization and
too steep as a function of column. It is qualitatively most similar
to the slower winds variant, consistent with the fact that the wind
injection velocities are indeed overall much faster in TNG than in
Illustris (see Figure 6 of Pillepich et al. 2018a). Wind velocity has a
strong influence on the spatial extent of metal enrichment (as well
as on the ISM metallicity; Torrey et al. 2014) and we posit that the
‘too slow’ galactic outflows of Illustris were the primary reason for
its tensions with OVI observations, although the kinetic to thermal
balance at injection also strongly modifies the impact of the winds
(see also the discussion in Appendix B of Suresh et al. 2015).
In the regime where the observations are constraining,
N . 1014.5 cm−2, the variation of the OVI CDDF between these
test simulations is roughly 0.5 dex at most. However, we note that
these are not particularly reasonable permutations of the base TNG
model – they already represent extreme cases, ruled out by vari-
ous 1-point statistics related primarily to the stellar content of ha-
los (Pillepich et al. 2018a). Weaker variations which also fit the
z = 0 galaxy stellar mass function, for instance, show changes in
the OVI CDDF at or below the level of the current observational er-
rorbars. In this regime, systematic differences in analysis methodol-
ogy and/or the resolution dependence of the simulation results may
dominate. Therefore, the current utility of this comparison could
be seen largely as a sanity check and not as a model discriminant.
However, the OVI CDDF does probe a physical regime (i) orthog-
onal to the stellar constraints and (ii) distant from the calibration
regimes of the base TNG model. Therefore, agreement gives con-
fidence that other aspects of the model are reasonable, such as the
degree to which metals are ejected from halos and enrich the low-
density IGM, validating the pursuit of related studies.
Observational constraints on the z = 0 CDDFs of OVII or
OVIII would require high resolution x-ray absorption spectroscopy,
e.g. X-IFU on Athena (Barret et al. 2013; Kaastra et al. 2013) or
the grating spectrometer on Lynx (Weisskopf et al. 2015) or Ar-
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Figure 7. Two point auto-correlation function of several gas mass com-
ponents in TNG100: OVI, OVII, OVIII, total oxygen (or identically total
metals), and total gas mass. We give the 3D real-space ξ(r) to character-
ize the spatial clustering of baryonic mass in these highly ionized states of
oxygen, in comparison to the clustering of all heavy elements, and global
gas-phase baryonic mass. Note that ξO and ξZ are indistinguishable at all
separations. In contrast to all gas mass, or all the gas-phase mass in oxygen,
the clustering of all three ionized states of oxygen does not significantly
increase towards smaller scales below the size scale of a typical host halo.
cus (Smith et al. 2016). At the same time, a handle on the redshift
evolution implies the same capabilities at even lower fluxes. Simul-
taneous statistical constraints on these three adjacent oxygen ions
would provide a powerful and constraining benchmark for hydro-
dynamical simulations such as TNG which now provide explicit
predictions for these statistics.
3.3 Spatial clustering of oxygen ions
Beyond simple frequency statistics in terms of observationally ori-
ented column densities, we would like to assess how OVI, OVII,
and OVIII ions are distributed in space, how they occupy differ-
ent volumes, and how they cluster together within and exterior to
overdensities. To characterize spatial clustering we therefore com-
pute the two point real-space auto-correlation function ξ(r) in 3D,
following the procedure described in Section 2.3. Figure 7 shows
this clustering signal for several different components of gas-phase
mass: principally, OVI, OVII, and OVIII, which are compared
against the clustering of total oxygen, as well as total gas mass. The
result for total metal mass is omitted as it is indistinguishable from
that of total oxygen mass alone. The total gas mass curve (pink) is
essentially the redshift zero ξgas(r) curve from Springel et al. (2018)
– shown in Figure 1 of that work – which we decompose here.
On halos scales (r ∼ 100 kpc) we see that oxygen is progres-
sively more clustered with decreasing ionization state, OVIII hav-
ing the lowest amplitude signal. Although the ξO∗(r) for all three
oxygen ions is maximal at the smallest scales, declining towards
larger separations, it is not strongly peaked as r → 0 and is instead
rather constant on scales less than the virial radius of the typical
host halo. This behavior is noticeably different from either total
metal mass or total gas mass, whose clustering on kpc scales is
much stronger (i.e. 1 dex or more) than on halo scales. We tenta-
tively interpret this as a signature of highly ionized oxygen tracing a
halo volume filling phase with no substantial smaller scale clump-
ing or density substructure. However, ξ(r) effectively measures a
combination of a smooth background density profile and a non-
smooth component from substructure, if present, in analogy to the
1-halo term of ξDM(r) measuring the superposition of gravitation-
ally bound structures on top of a background NFW ρ(r). Therefore,
the relatively flat 1-halo ξO∗(r) may also predominantly indicate an
ion density profile which is shallower with radius than that of either
total oxygen, total metal, or total gas mass.
The volume filling and relatively homogeneous OVI stands in
stark contrast to recent observational hints for small spatial scale
origins for the cool gas giving rise to lower ion and HI absorption
(e.g. Crighton et al. 2015; Arrigoni Battaia et al. 2015; Chen et al.
2017; Stern et al. 2016). We postpone a study of cooler ions such
as MgII and the ‘clumpyness’ of the TNG CGM for future work.
4 THE ABUNDANCE AND SPATIAL DISTRIBUTION OF
IONIZED OXYGEN: GALACTIC HALOS
We have so far focused on the global distribution of OVI, OVII, and
OVIII, with analyses including all gas-phase baryons throughout
the entire cosmological volumes of TNG100 and TNG300, agnos-
tic to any connection with collapsed structures. To understand how
highly ionized oxygen arises within the circumgalactic medium of
dark matter halos, we now move into a halo-centric frame.
4.1 Gas phases as a function of halo or stellar mass
Figure 8 begins with a measurement of the total mass in each of
these three ions (left panel), as a function of halo or stellar mass
(bottom and top axes, respectively, the latter derived using the me-
dian stellar mass to halo mass (SMHM) relation of TNG300). In-
stead of summing the different gas phase masses within some arbi-
trary radial distance, we take the total gravitationally bound mass,
as a useful physically motivated definition. For comparison, the to-
tal gas mass, metal mass, and gas-phase oxygen mass are also in-
cluded (gray lines). No distinction is made between gas-phase oxy-
gen in the ISM versus CGM, the former being negligible in relation
to the latter (∼10−6 by mass if we take the ISM as star-forming gas).
The resulting measurements are shown at z = 0 over four orders of
magnitude in halo mass; three orders of magnitude in galaxy stellar
mass. The total gas mass is always of order ∼ Ωb/Ωm ' 16% of the
total halo mass, modulated by baryonic effects (see Pillepich et al.
2018a), of which the total metal mass makes up roughly ∼ 0.1%.
The resulting ‘global halo’ gas metallicity ranges from ∼0.25 Z to
∼0.4Z, the maximum value occurring near Mhalo ∼ 1012 M. Gas-
phase oxygen is a large, nearly constant fraction of these metals; its
decomposition into different ions is however more complex.
Below Mhalo . 1012 M the total gravitationally bound mass
in OVI, OVII, and OVIII all steeply increase as a function of halo
mass, until a threshold is reached and the mass in a given ion
plateaus to a roughly constant, maximum value. Above this point,
most halos contain roughly 106.5 M of OVI mass, with a halo to
halo scatter of about 1 dex (indicated by the colored bands). Mas-
sive halos can contain significantly more OVII and OVIII mass, up
to ∼ 108.5 M and ∼ 109.0 M, respectively, with higher ions becom-
ing more dominant with increasing halo mass. The constancy of the
maximal bound ionic mass with halo mass is striking. We find no
significant trend of the scatter with mass, although the scatter of
OVIII is about half as large as for its lower ionization counterparts.
These ion masses are also recast in terms of an average
column density (right panel), assuming each was uniformly dis-
tributed over the area of the projected virial sphere. That is, <Nion>
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Figure 8. Left panel. Total gravitationally bound mass in different phases: total gas, total metals, total oxygen, and the OVI, OVII, and OVIII ions of oxygen
as a function of either halo mass (bottom axis) or galaxy stellar mass (top axis) at z = 0. We show TNG300 (solid) and TNG100 (dashed). The total gas
mass line (dark gray) is multiplied by 0.01 for visual clarity. Below Mhalo . 1012 M the total ion masses increase rapidly as a function of halo mass, until an
ion-dependent threshold is reached and the mass plateaus to a roughly constant, maximum value. Right panel. The average column density of oxygen ions as
a function of halo/stellar mass at z = 0, computed geometrically as <Nion> = Mion/(pir2vir). As a result of distributing the mass over a larger projected area, the
peak column density for each ion occurs at a characteristic stellar/halo mass. This mass scale for the maximally efficient ‘production’ of highly ionized oxygen
by circumgalactic gas halos increases with ionization state from Mhalo ' 1012 M (for OVI) to ' 1012.5 M and ' 1013.5 M for OVII and OVIII, respectively.
= Mion/(pir2vir), the resulting values not necessarily reflecting the
actual mean column with a given sampling of impact parameter.
In contrast to the monotonic behavior of total ion mass, the ge-
ometrical average column densities <Nion> each peak at a char-
acteristic halo/galaxy stellar mass, as a result of distribution over
increasingly larger projected areas. For OVI this occurs just below
M? ' 1010.5 M and Mhalo ' 1012 M. In the case of OVII this char-
acteristic mass shifts up to Mhalo ' 1012.5 M and for OVIII further
to Mhalo ' 1013.5 M. Somewhat in analogy to the peak of the stel-
lar mass to halo mass relation, these halos represent the mass scale
at which e.g. the ‘OVI production’ is maximally efficient. Here,
the median halo has an average OVI column density of ' 1014.5
cm−2 across the projected surface of its virial sphere. The average
columns of OVII and OVIII can be an order of magnitude higher.
4.2 Radial oxygen ion profiles in the CGM and beyond
Figure 9 presents the radial density structure of OVI, in particu-
lar, for halos of different masses at z = 0. We first measure me-
dian stacked 3D radial profiles in terms of physical number density
(left panel). Profiles are stacked in four halo mass bins centered on
log(Mhalo/M) ∈ {11.0, 11.5, 12.0, 12.5}, each with a width of ±0.1
dex. The measurement in each case is extended from the deep in-
terior of halos, ∼ 1 kpc, to large cosmological scales, ∼ 10 Mpc,
where the signal approaches a constant floor indicative of the mean
density (i.e. ΩOVI) of OVI in the universe. As this is far beyond the
virial radii, as well as the turnaround radii, of the considered ha-
los, we decompose the contribution from the ‘self’ (i.e. ‘1-halo’)
and ‘other’ (i.e. ‘2-halo’) terms. The former includes all gas cells
within the parent friends of friends (FoF) halos of the stacked sys-
tems, while the latter includes gas cells in all other resolved FoF
halos in the simulation volume, plus the diffuse contribution from
gas outside all halos, which we would call the warm/hot intergalac-
tic medium (IGM or WHIM). Note that the exact boundary between
these two terms is largely definitional and that our 2-halo term will
include contributions from gas at a wide range of distances from
the halo itself, starting beyond its FoF boundary.
At a fixed radius within the scale of an individual halo, the
abundance of OVI is a non-monotonic function of halo mass.
Moving from halo masses of ' 1011 M, to 1011.5 M, and again
to 1012 M, the amount of quintuplely ionized oxygen nOVI in-
creases each time. However, going to still more massive halos with
1012.5 M the amount of OVI then decreases, arriving back to a
value which is similar to the lowest halo mass bin considered. This
coincidental similarity of the number or column densities of OVI
within sub-L? and small group sized halos arises as the former
maintains a large fraction of their halo gas at temperatures below
the collisional ionization band of Figure 3 (horizontal feature, up-
per left panel) and at sufficiently low densities that OVI arises pre-
dominantly from photoionization due to the background radiation
field. For more massive halos with virial temperatures of order a
million degrees or higher the situation is reversed, with most OVI
arising from collisional ionization (see also Turner et al. 2015).
The halo-centered 3D profiles decline rapidly and smoothly
with increasing radius. The n(r) profiles are roughly powerlaws
of constant slope from the virial radius inwards, slightly shallower
than r−2. The lowest and highest halo mass bins, which have overall
lower normalizations than the two intermediate mass bins, show a
flattening within the inner 10-20% of rvir. In all cases, the self-halo
component of the density profile steepens rapidly at the virial ra-
dius and drops off as though at a sharp outer boundary (although
see Nelson et al. 2016; Vogelsberger et al. 2018). This contribu-
tion equals the 2-halo term (i.e. the dotted and dashed lines cross)
just past rvir, 50-100 kpc beyond for halos of 1012 M. After a local
bump in the n(r) profiles due to the maxima of the 2-halo terms,
they decline slowly to asymptotic values at cosmological distances.
The right panel of Figure 9 show the radial abundance of OVI
around the same stacked halo samples, now measured in terms of
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Figure 9. Median 3D radial profiles of the abundance of OVI around z = 0 halos. The total OVI content in the simulation (solid lines) is decomposed
into the ‘self-halo’ (e.g. 1-halo) and ‘other-halo’ (e.g. 2-halo) terms. The former includes all gas cells within the stacked halos themselves, while the latter
includes the contribution from gas in all other halos as well as from the diffuse IGM. We show profiles stacked in four halo mass bins each with width ±0.1
dex and centered on log(Mhalo/M) ∈ {11.0, 11.5, 12.0, 12.5}. In TNG100 these four bins include 5977, 2209, 888, and 245 stacked halos, respectively. Left
panel. Three dimensional number densities, spherically averaged. Right panel. Two dimensional column densities, projected through a depth of 3 pMpc
(corresponding to a total ∆v ' 200 km/s), as in our comparison to COS-Halos below.
the median column density in 2D projection. The trends with halo
mass and radius are similar, except that the decline of NOVI(r) is
much gentler with distance – for 1012 M halos, the column density
only decreases by half a dex between 10 kpc and 100 kpc projected.
Each profile still declines sharply near the mean virial radius of
each mass bin. However, the contribution to NOVI from secondary
halos besides the central itself extends all the way to zero projected
distance, as a result of the statistical presence of either background
or foreground halos along the line of sight, as well as due to the dif-
fuse IGM. For r → 0 this is a roughly 1% addition to the column,
but in the outer halo [0.5-1.0]rvir this can be a significant or even
dominant contribution, depending on halo mass. The diffuse com-
ponent contributes more to this 2-halo term than other resolved and
gravitationally bound halos, by roughly 0.5 dex at large separations
(b > 102.5 kpc) and up to 1 dex at small separations (b < 100 kpc).
At the rightmost extent of these panels the large, cosmological
scales are physically unassociated with the central halos, and reas-
suringly converge to the same value irrespective of mass bin. The
column density value at large spatial extent scales with the projec-
tion depth. We note that from Danforth et al. (2016) the mean ab-
sorption expected from random sightlines based on their d2N /dNdz
analysis is NOVI ' 1012.2 cm−2, which is essentially an observational
constraint on the lower allowed limit of the column density profiles
at large radius, where we find NOVI ' 1012.5 cm−2 at ∼ 10 Mpc.
4.3 Comparison to Observational Constraints
Several observational datasets with a statistical sampling of the
prevalence of OVI in and around galactic halos exist. In particu-
lar, targeted and untargeted absorption line studies with background
quasar sightlines passing through the CGM of intervening galaxies
can measure the strength and incidence of OVI absorption – at low
redshift using the COS instrument on the Hubble Space Telescope.
To make a robust comparison to these datasets, we construct a tai-
lored, ‘mock’ survey consisting of a large simulated sample which
is statistically consistent with a number of observed galaxy proper-
ties we aim to match (similar in spirit to Oppenheimer et al. 2016).
4.3.1 Comparison to the COS-Halos survey
First, we compare to the COS-Halos survey (Tumlinson et al.
2011), constructing the mock sample as follows. The observed
stellar masses and star formation rates are taken from Werk et al.
(2012) and Werk et al. (2013), the latter being the Balmer emission
line (Hα) derived values. Both are corrected from a Salpeter IMF,
as assumed in that work, to a Chabrier IMF, as assumed herein. A
constant uncertainty of 0.2 dex is assumed for all M? values, while
uncertainties on the SFRs are taken as given. The impact parame-
ters, OVI column densities, and uncertainties are taken from Tum-
linson et al. (2011), which also describes the isolation criterion: that
COS-Halos galaxies are the most luminous with an impact param-
eter of b < 300 kpc of each quasar sightline at their redshift. We
mimic this by selecting only central galaxies which have no more
massive companion (measured in terms of M? within the 30 pkpc
aperture) within a 3D distance of 300 kpc.
To make the mock sample, each observed galaxy is first asso-
ciated with the simulated snapshot closest to its redshift (these span
from z = 0.14 to z = 0.36 and therefore coincide with 14 distinct
simulated snapshots). For each of N = 100 realizations we apply
a random perturbation to the observed M? and sSFR values, nor-
mally distributed and consistent with the uncertainties. After ap-
plying the isolation criteria, we then consider all galaxies which
satisfy any one-sided constraints (i.e. upper and lower limits are
enforced). A L1 norm (i.e. Manhattan distance metric) is computed
in the space of the remaining bounded parameters (either M? alone,
or stellar mass and sSFR jointly) between the specific realized ob-
served galaxy and all compatible simulated galaxies, and a match is
selected as the system with the smallest ‘distance’. The COS-Halos
sample we adopt has 37 points: the mock sample therefore 3700.
In Figure 10 we compare the COS-Halos galaxy sample to the
mock simulated galaxy sample created to match its characteristics.
We consider the systems in the sSFR-M? plane, where observa-
tional detections are indicated by colored circles, and upper limits
by triangles. Behind, with the 2D histogram (grayscale) we show
the mock simulated sample from TNG100. In addition, marginal-
ized histograms are given along each axis, where observational lim-
14 D. Nelson et al.
9.5 10.0 10.5 11.0 11.5
Galaxy Stellar Mass [ log Msun ]
−13.0
−12.5
−12.0
−11.5
−11.0
−10.5
−10.0
−9.5
−9.0
G
al
ax
y 
sS
FR
 [ 
1/
yr
 ]
PD
F
COS-Halos
TNG100-1
TNG300-1
PDF
G
al
ax
y 
R
ed
sh
ift
0.1
0.2
0.3
(o
bs
 in
cl
ud
e 
up
pe
r l
im
its
)
Figure 10. Comparison of the COS-Halos galaxy sample and the simulated galaxy sample constructed to match its characteristics (see text). Main panel. The
galaxy sample in the sSFR-M? plane. Observational detections are indicated by colored circles, and observational upper limits by downward pointed triangles.
Color indicates the redshift of the associated galaxy, while the grayscale histogram in the background shows the distribution of the mock simulated sample
from TNG100. Top and right panels. Marginalized histograms of the observed points, in gray, versus the mock samples from TNG100 and TNG300 in blue
and orange, respectively. Note that limits are included in the observational histogram as is, and the prevalence of upper limits in sSFR at the high mass end
results in the tail of simulated galaxies towards low star formation rates – consistent with the sample constraints.
its are included at their values: the prevalence of sSFR upper limits
for massive galaxies produces a tail of simulated galaxies towards
low star formation rates, consistent by construction with the sample
constraints. The finite observational errors similarly produce broad-
ened distributions of both stellar mass and star formation rate in the
mock sample realization. Overall, because of the broad mass cov-
erage enabled by our large simulated volumes, as well as the star
formation rates of the simulated galaxies across this mass spectrum,
we can extract from either TNG100 or TNG300 a mock COS-Halos
survey sample with successfully matched characteristics.4 This pro-
cedure implicitly requires that the simulated galaxies have realistic
properties, i.e. that they correctly populate the sSFR-M? plane.
Figure 11 is the first comparison between the observed con-
straints from COS-Halos and the TNG100 simulation. In particular,
we compare the OVI absorption column densities NOVI between the
COS-Halos survey and the mock simulated survey, as a function
of impact parameter (top left panel) or sSFR (bottom left panel).
In both cases, large colored symbols represent the observed sam-
ple, while each of the 100 mock realizations from TNG are shown
as small colored squares. We see that the simulated point clouds
broadly overlap with the observational data points – note that agree-
ment along the x-axes is by construction, while agreement along
4 As a sidenote, if we split the mock sample at the usual sSFR value of
10−11 yr−1, then the median halo mass of the star-forming sub-sample is
1011.9 M, as compared to 1012.2 M for the non-star-forming sub-sample.
This reflects the observational survey selection and the TNG halo mass es-
timates of the COS-Halos observed galaxies.
the y-axes represents model validation. In particular, the lower OVI
columns around low sSFR galaxies, in contrast to the higher OVI
columns around high (> 10−11 yr−1) sSFR galaxies is similar to the
dichotomy observed in the COS-Halos survey.
To enable a quantitative determination of the level of statistical
agreement between the amount of OVI absorption in each observed
galaxy and the corresponding realization ensemble from TNG, the
right area of each panel shows one-dimensional PDFs of NOVI of
each such ensemble (colored lines). The observed detection or limit
is marked on this distribution at its value, and the quasar-galaxy
pair name for each system is labeled at the bottom. In each panel,
the PDFs are ordered along the horizontal direction by ascending
order of their value on the x-axis of the corresponding panel (im-
pact parameter, or sSFR). The closer the point to the main density
(i.e. peak) of each distribution, the higher the probability that the
observed OVI column is consistent with having been drawn from
the mock PDF. An observed point far into the tails of the simulated
distribution therefore represents a tension.
To be quantitative, we calculate a statistical metric λ which
evaluates this likelihood. For an upper limit x1, we take the integral
of the PDF in [−∞, x1]. For a detection x2, we take twice the smaller
of two integrals of the PDF over [−∞, x2] and [x2,+∞], respec-
tively. In both cases, the resulting value is bounded as λ ∈ [0, 1].
For limits, if the vast majority of the simulated values are consistent
with the limit, then λ ∼ 1, whereas as all of the probability density
becomes inconsistent with the limit, λ → 0. For a detection at the
peak of a symmetric PDF, this value is again unity, whereas if it
falls in the extreme tails of the distribution it limits towards zero.
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Figure 11. Comparison of the OVI absorption from the COS-Halos survey versus the simulation results from the mock survey-matched galaxy sample. Left
panels. The absorption column density NOVI is shown as a function of impact parameter (top left) and sSFR (bottom left), for the observed sample (large
symbols) and the 100 mock realizations from TNG (small squares). In the first case, color indicates sSFR from red/quenched to blue/star-forming, as indicated
by the colorbar. In the second case, color indicates galaxy stellar mass, from 109 M (blue) to 1011 M (red), as indicated by the colorbar. Observational
detections are shown as circles, upper limits by downward-facing triangles. Upper limits on star-formation rates are marked by left-ward facing arrows in the
bottom panel, which is the case for the majority of the quiescent COS-Halos sample. Note that agreement along the x-axes is by construction, while agreement
along the y-axes represents model validation. Right panels. The area right of each panel shows one-dimensional PDFs of NOVI for the simulated ensemble
of each observed system (colored lines). The observed detection or limit is marked on this distribution at its value, and the quasar-galaxy pair name for each
system is labeled at the bottom. The horizontal spacing is arbitrary, for visual clarity.
For a large ensemble of realizations (with a random mixture of lim-
its and detections) which randomly sample an underlying normal
distribution the mean value is 〈λ〉 ∼ 0.5. Sufficiently small values
therefore represent a high probability that the observed points are
inconsistent with the simulations, while values λ  0 imply that
this conclusion cannot be drawn. For example, the leftmost PDF
(blue, upper right panel) for J1157-0022 230 7 has λ = 0.04 indi-
cating poor agreement, while the next two PDFs (orange and green)
have λ = {0.38, 0.93}, indicating much better agreement.
For the comparison of TNG100 to COS-Halos, the median
statistic is 〈λ〉 = 0.52+0.27−0.37, the errors giving the 16th to 84th per-
centiles. Agreement is better for detections than for limits; if we
restrict to the former, 〈λ〉 = 0.62+0.18−0.38. No observed systems have
λ < 0.01, while two (of 37) have λ < 0.05. We conclude that the
observed data and the simulations are not sufficiently inconsistent
to reject the hypothesis that the observed samples could have been
drawn from the mock distributions.5 Note that these conclusions
primarily imply agreement of the distribution medians and not nec-
essarily their widths, to which the λ statistic is less sensitive.6
A fundamental restriction with background quasar studies of
5 For comparison, we have repeated the entire analysis procedure un-
changed on the original Illustris-1 simulation. For detections we find a me-
dian 〈λ〉 = 0.09+0.21−0.05, indicating that the old Illustris model result is in con-
siderable tension with OVI observations around a COS-Halos like sample.
6 As an alternative comparison, we simply quote the median NOVI val-
ues and corresponding 16th/84th percentiles. We caution, however, that this
comparison of the sample medians is less robust than the λ statistic since the
simulated realizations for each observed sightline are only directly compa-
rable to that particular NOVI value. Splitting at sSFR of 10−11 yr−1, the star-
forming sample in COS-Halos has NOVI = 14.6+0.2−0.3 cm
−2 and in TNG100 we
find 14.6+0.4−0.6 cm
−2, while for the quiescent sample COS-Halos has 14.0+0.2−0.4
cm−2 compared to 14.0+0.6−0.8 cm
−2 in TNG100.
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Figure 12. Comparison of the covering fractions of OVI absorption from the COS-Halos survey versus the simulation results from the mock survey-matched
galaxy sample. (Left panel). The κOVI(r) profiles for five different column density thresholds spanning 1013.5cm−2 < NminOVI < 10
15cm−2. The green curve
corresponds to the value from Werk et al. (2013), shown in black points with errorbars, against which it can be directly compared. We find that the covering
fraction of OVI around the mock COS-Halos sample is at least as high as observed. The analogous measurement from the TNG300 simulation is also given
for reference as the dotted green line. (Right panel). Comparison of four specific galaxy sub-samples as explored in Werk et al. (2013) for a sSFR threshold
above (or below) 10−11 yr−1 in blue (orange), and a stellar mass threshold above (or below) 1010.5 M in red (green). Using either criterion, we find different
predicted κOVI profiles for ‘red’ versus ‘blue’ galaxies. The high sSFR sample has high, steeply declining OVI columns which extend to large distances, while
the low sSFR (high M?) sample exhibits a shallower decline of high OVI columns and therefore a higher incidence at all projected distances out to 400 kpc.
Note: in all cases, colored bands indicate ±0.5σ inter-halo variation, which is significant.
halo absorption is the limit of only one measurement per galactic
halo. In order to make a statistical statement about the frequency
of absorption at different strengths and across different halo se-
lections, this is typically recast in terms of a covering fraction
κ(N > Nmin), the proportion of systems exhibiting absorption col-
umn densities in a given ion above some threshold value Nmin. Inter-
pretation of this measure can be recast as follows: for a given halo
with multiple background sightlines, what fraction have absorption
above a threshold column density (that is, a discrete approximation
of the corresponding geometrical fraction of projected area).
The observed systems are always split into sub-samples, and
we likewise split the simulated realizations corresponding to each
into analogous sub-samples for comparison, calculating κ(r;N >
Nmin) profiles following the procedure described in Section 2.5.
In Figure 12 we compare OVI covering fractions as a func-
tion of impact parameter between COS-Halos and TNG. First, for
the entire sample, κ(r) for five different column density thresholds
from 1013.5 cm−2 to 1015 cm−2 is derived out to 400 physical kpc
(colored lines, left panel). Each monotonically decreases with in-
creasing distance from the halo center. For all column thresholds
> 1014.5 cm−2, the covering fraction at the halo center is unity, and
the value of κ at large distance plateaus to a value which scales up
with decreasing column. For the lowest threshold of 1013.5 cm−2 the
covering fraction remains unity even out to ' 200 kpc. On the other
hand, for the highest threshold of 1015 cm−2, the covering fraction
even at zero impact parameter is only ' 70%, dropping to 10% by
100 kpc and with an asymptotic large distance value of zero. There-
fore, for a COS-Halos like sample, these highest columns are found
only in the inner halo, and never beyond the virial radius. At the
same time, absorption at the low column threshold is ubiquitous
within the virial radius, and we would predict it impossible that
a sightline falling within such an impact parameter and observed
down to this limit would not detect OVI absorption. Trends both
as a function of distance and column density threshold are always
continuous.
The two black points with errorbars indicate measurements
from Werk et al. (2013) for a threshold of NOVI > 1014.15 cm−2.
This limit is reproduced with the green curve, against which these
observations should be compared. We conclude that TNG100 suc-
cessfully produces the high observed covering fractions of high col-
umn density OVI absorption. This stands in contrast to the previous
Illustris model (see Suresh et al. 2017) as well as the EAGLE model
(see Oppenheimer et al. 2016). Our covering fractions may even be
slightly too large, sitting above the observed points at the 1σ level,
although we show the same analysis repeated on the lower resolu-
tion TNG300 run (dashed) which passes through the data points -
the same trends of decreasing overall OVI (and total oxygen) con-
tent with decreasing resolution seen in the CDDFs. Note that the
colored bands about the median lines indicate, in all cases, halo to
halo variation at the ±0.5σ level, i.e. decreased from the normal to
improve visual clarity, implying that the inter-halo variation of OVI
covering fractions is significant.
In the right panel of Figure 12 the COS-Halos sample is sub-
divided twice, in one case based on sSFR (blue/orange) and in the
other case based on M? (green/red). The low-sSFR and high-M?
selections are largely overlapping if not identical (orange and red
points), and likewise for the star forming galaxies. Both criteria re-
sult in rather different predicted κOVI profiles: the high sSFR selec-
tion having high OVI covering fractions extending to larger radii,
and with a steeper decline, in comparison to the low sSFR selec-
tion. Similarly, the high M? selection has a shallower decline of
high OVI columns than the low M? selection, and therefore a higher
incidence at all projected distances out to 400 kpc. The same con-
clusion may be hinted at by the data in the smallest distance bin (i.e.
the red points are above the orange points). However, the apparently
flat or even increasing trend of κOVI with distance observed for the
low sSFR galaxies (orange points) makes it clear that the statistics
are too limited to robustly identify this trend in the observations.
We find that the low mass and high sSFR selections result in indis-
tinguishable covering fraction profiles, consistent with the data (i.e.
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Figure 13. In direct analogy to Figure 12, the covering fractions of OVI absorption except for a simulated galaxy sample designed to replicate the ‘eCGM’
survey of Johnson et al. (2015), instead of COS-Halos. With respect to COS-Halos, the galaxy sample has similar distributions in redshift and stellar mass,
while the impact parameters probed are mainly at larger separations, extending between 200 and 1000 kpc. Here we show the covering fraction of OVI
absorption above a threshold of NOVI > 13.5 cm−2 as observed, in symbols with errorbars, compared to median estimates and associated scatter from the
simulated sample, shown in lines and colored bands. In the left panel, the entire sample is split into Early (orange) and Late (blue) categories. In the right
panel, each of these groups is further split into isolated (I) and non-isolated (NI) sub-samples. For the full sample, measurements from the TNG galaxies split
into the Early and Late type classifications are in good agreement with the observations, including the overall radial trends, the separation between these two
classes, and a different radial slopes of κOVI. Further subdividing based on isolation state, we do not recover a significant signal, in contrast to the observational
claim.
the blue and green lines and points are fall on top of each other).
We will return to this connection between halo OVI and properties
of the central galaxy in Section 5.
4.3.2 Comparison to the eCGM survey
Extending our quantitative assessment of the simulated OVI con-
tent of galactic halos in contrast to observational constraints, we
move beyond the COS-Halos dataset. In particular, we conduct
a similar analysis except with the eCGM survey data of Johnson
et al. (2015). This sample has not only different selection func-
tions and probes different regions of parameter space, it also uses
independent methods of data reduction and analysis (although still
with the COS instrument) and different types of optical followup
to locate galaxy counterparts, and different procedures for identi-
fying absorbers with galaxies. It therefore provides a consistency
check and additional statistics. This dataset includes 148 galaxies
in four quasar fields, 42 of which are taken from COS-Halos di-
rectly, which we exclude in the NOVI figures to avoid duplication.
The observed and mock samples therefore include 106 and 10,600
galaxies, respectively. With respect to COS-Halos, the sample has
similar though slightly broader distributions in redshift and stellar
mass, while the impact parameter distribution is mainly between
200 and 1000 kpc and so to significantly larger separations.
Our sample construction proceeds as before, first matching
each observed galaxy in redshift. In eCGM galaxies are flagged
as non-isolated based on the presence of a spectroscopic neighbor
within a projected distance of 500 kpc, a line of sight velocity dif-
ference of less than 300 km s−1, and stellar mass one third of the
target galaxy or greater. Otherwise, the galaxy is considered iso-
lated. We enforce an approximately equivalent isolation criterion
by marking isolated galaxies as those which have no companion
more massive than a third of their own mass (measured in terms of
M? within the 30 pkpc aperture) within a 3D distance of 500 kpc.
In contrast to the COS-Halos selection, we allow satellite galax-
ies to be included, as the observed sample includes targets down to
108 M, although since the observations are highly complete only
down to 0.1L? we require agreement of the isolation state only for
M? > 109.5 M and disregard it below (∼20 % of the sample). Exact
star formation rates are not available, instead the observed sample
is split into Early and Late types, based on the presence of emis-
sion lines. We convert these two categories into a sSFR threshold
of below or above 10−11 yr−1, respectively. We assume a normal
(Gaussian) error of 0.25 dex on the reported M? values, and 2.0
kpc on the reported impact parameters.
Following the earlier analysis for COS-Halos, because the
OVI column of each observed point can only be compared to the
corresponding distribution of columns from its matching simulated
realizations, we measure and quote a few characteristic numbers
indicating the level of statistical (dis)agreement. We again com-
pute a λ value for each observational point. For the comparison
of TNG100 to eCGM, the median statistic is 〈λ〉 = 0.53+0.21−0.19, the
errors giving the 16th to 84th percentiles. For detections alone
〈λ〉 = 0.57+0.30−0.21. No observed systems have λ < 0.01, while one
has λ < 0.05. We conclude that there is no statistically significant
tension between the OVI absorber statistics of the eCGM dataset
and the TNG100 simulation.
To assess the level of agreement in terms of the observed
covering fractions, Figure 13 compares the simulated κ(r) profiles
(solid lines) of OVI absorption above a threshold of NOVI > 13.5
cm−2 against those from eCGM (symbols with errorbars) for dif-
ferent galaxy sub-samples. In the left panel, the entire sample is
split into Early (blue) and Late (orange) categories. To avoid bias
in details of the abundance matching assumptions, we directly ap-
ply the assumed rvir for each observed galaxy to each of its TNG
realizations for normalizing the simulated curves. For the full sam-
ple, measurements from the TNG galaxies split into the Early and
Late type classifications are in good agreement with the observa-
tions, including the overall radial trends, the separation between
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Figure 14. Impact of the physics variations on the OVI covering fractions.
The κOVI(r) profile for a fixed threshold of NOVI > 1014 cm−2 is shown as
a function of impact parameter, stacking all simulated halos with total mass
1011.5 < Mhalo/M < 1012.5, roughly 190 in total for each run. The fiducial
TNG model result is given in black, and the same halo to halo variation band
is included from this run, in gray, to indicate the relative variability among
halos at fixed model. We show the single parameter (or model choice) vari-
ations which lead to the most significant differences in κOVI(r), and also
include the result of the original Illustris model (light orange).
these two classes, and a different rapidity of the radial decrease of
κOVI between them.
In the right panel, each of these groups is further split into iso-
lated (I) and non-isolated (NI) sub-samples. In all cases radial pro-
files of κOVI are presented, for consistency with the observational
dataset, normalized by the virial radius of their parent dark matter
halo. Here we do not find nearly as strong of a signal as observa-
tionally claimed. The separation in covering fraction between ‘I’
and ‘NI’ classes, for either the quiescent or star forming samples,
is at most ∼5% in the simulations – on average, it is negligible.
At this column and for these samples, the simulations predict an
asymptotic covering fraction of '15 % at large distance, consistent
with the binomial errors of the observed points at the ∼1σ level,
which otherwise have too few statistics to verify a nonzero value.
4.3.3 Sensitivity of the covering fractions to model variations
Finally, we briefly return to the impact of model variations, extend-
ing our previous exploration of the sensitivity of the OVI CDDF to
the halo-centric measurement of covering fractions. Because dif-
ferent simulations can produce rather different galaxy properties
including stellar mass and SFR, we do not repeat the mock survey
realizations approach on each. Instead, we simply ‘target’ all sim-
ulated halos with total mass 1011.5 < Mhalo/M < 1012.5 with one
‘realization’ each, always at z = 0. This gives a relatively uniform
selection across runs, modulo the variable baryonic impact on halo
masses. In the fiducial test volume, this selects ∼ 190 halos. Figure
14 shows the result, including the fiducial measurement (in black)
with the level of halo to halo variation within this single simulation
(gray band). The same eleven model variants are included, and all
fall outside this band at some point.
Four distinct types of behavior are seen, which we discuss
from the innermost to outermost. First, substantial suppression of κ
all the way into the inner halo, as seen for slower winds (orange)
and a decrease in the BH mass for the onset of low-state feedback
(light blue). Second, flattening of κ(r) by distributing most of the
halo OVI to larger distances, as in the cases of no BH quasar mode
(gray), no BH radiative feedback (cyan), and faster winds (dark
blue). Third, flattening κ(r) only by increasing it at large distances,
leaving the signal within 100 kpc unchanged: no feedback and no
metal-line cooling (purple), and no winds (brown) variants. Fourth,
a similar profile of κ(r) except with the drop indicative of the halo
virial boundary moved outwards, as for no metal cooling (red), no
BH kinetic-wind feedback (gold), and no BHs whatsoever (pink);
the case of reduced metal loading of the winds (green) is similar,
except with the boundary moving inwards.
From the observational point of view, the situation is similar
to the OVI CDDF variations, where the halo-centric absorber statis-
tics such as covering fraction are even more starved for statistics.
At present they are therefore only able to discriminate among ex-
treme model variations. From the theoretical viewpoint, we see that
similar signatures can result from notably different reasons. For ex-
ample, the case of the ‘lower BH kinetic pivot mass’ results in sub-
stantial suppression of star formation, stellar mass, and so also oxy-
gen production, across the entire volume. Encountering columns of
NOVI & 1014 cm−2 then becomes rare, even inside high density cir-
cumgalactic gas. On the other hand, the ‘slower winds’ case pro-
ceeds differently; it is entirely unable to control physical overcool-
ing, resulting in a significantly too high late time cosmic star for-
mation rate density (SFRD) and overshooting a reasonable stellar
to halo mass relation (SMHM) by factors of many. The significant
mass of oxygen produced is, however, confined to small galacto-
centric distances because the winds cannot appreciably push out
metals, resulting in a similar impact on the κOVI(r).
On the other hand, the ‘no feedback’ and ‘no winds’ models
show consistent although somewhat counterintuitive behavior. Im-
portantly, these runs produce galaxy populations severely wrong
in the majority of measurable quantities, primarily because they
fail to regulate star formation in the majority of halos. As a result
their redshift zero stellar mass functions, for example, are unrealis-
tic, and excessive stellar mass leads to strong metal overproduction
(50% more gas-phase metals versus fiducial), making any inter-
pretation of the resulting covering fractions difficult. Overall, the
resulting OVI is more concentrated within galactic halos, although
at this mass scale and column the covering fractions are actually
higher than fiducial for all impact parameters 6 400 kpc. The op-
posite is true for κ(NOVI > 1013cm−2) at this same mass scale, where
the fiducial model has everywhere a higher covering fraction.
Notably, just as we saw before, the Illustris model line (light
orange) is the most extreme outlier of the entire ensemble. It is
clear that the dearth of OVI in Illustris relative to the COS-Halos re-
sults (explored in Suresh et al. 2015) was primarily driven by phys-
ical model deficiencies, and not by any particular issue with analy-
sis methodology. Its qualitative behavior is similar to the ‘slower
winds’ variant, and we conclude that modifications to the TNG
wind model including their velocities are a dominant reason for
the improvements over the previous Illustris results. Nonetheless,
the complex coupling between these processes all but guarantees
that there is no single, unambiguous change which has led to the
global improvements in TNG – rather, it arises from the interplay
of modifications in both stellar and blackhole feedback processes.
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5 RELATING HALO OXYGEN CONTENT TO THE
CENTRAL GALAXY
The connection between the properties of circumgalactic gas and
the evolutionary state or ongoing activity of the galaxy at its center
directly probes the baryon cycle and the coupling of baryonic feed-
back processes across a wide range of scales. In both observational
surveys we have compared to so far, the differing prevalence of
strong OVI absorption around star-forming versus quiescent galax-
ies has been noted. Figures 12 and 13, comparing to COS-Halos
and eCGM, respectively, demonstrated that the TNG simulations
produce similar signatures. We now endeavor to understand the ori-
gin of this particular trend, as well as explore further connections
between halo OVI content and central galaxy properties.
To begin, in Figure 15 we show maps of the spatial distribution
of OVI column density around an ensemble of 30 galaxies at z = 0
from TNG100. Each panel is 800 kpc on a side, oriented such that
the central galaxy is face-on. These are selected in the narrow halo
mass bin of 1012 <Mhalo/M < 1012.2, and are the same systems as
the first 30 galaxies of Figure 12 in Nelson et al. (2018). Namely,
all thirty are blue, star-forming disk galaxies. We see that halos of
extended OVI gas are always present, typically reaching columns
of & 1015 cm−2 in the inner halo, decreasing to ∼ 1013 cm−2 out
near the virial radius, and with a variety of morphologies which are
nonetheless broadly spherical.
In contrast, Figure 16 shows maps of thirty different z = 0 ha-
los from the same halo mass bin, in this case selected to host red,
quiescent galaxies.7 Visual inspection alone makes it clear that the
amount of halo OVI is suppressed with respect to the star-forming
sample. For most halos, the maximal OVI columns are lower. Aver-
age central values are roughly one dex lower at NOVI ' 1014 cm−2.
The spatial distribution of the ion is also more frequently disturbed
and irregular. Azimuthal profiles at a given radius are less regu-
lar, and some halos exhibit elongated (i.e. non-axisymmetric) local
depressions of OVI.
To quantify this dichotomy, Figure 17 presents the correlation
between total gravitationally bound OVI mass in the halo and (g-
r) color of the central galaxy, at both fixed stellar mass and fixed
halo mass. In both cases, a strong continuous trend is evident: red-
der galaxies have progressively less oxygen in this particular ion.
For blue and intermediate color galaxies with (g-r) . 0.6 we see
that MOVI is roughly constant. Galaxies firmly in the red popula-
tion (g-r) & 0.7 have, in the median, one order of magnitude less
total OVI mass. At fixed projected halo size, this translates directly
into a decrease in the average column density by approximately the
same one order of magnitude. This trend is not driven by the well-
known underlying correlation of color with halo mass at fixed M?,
i.e. that red galaxies reside in more massive dark matter halos than
blue galaxies of the same stellar mass (Mandelbaum et al. 2016),
because the same effect is seen also at fixed halo mass (dashed line).
This is at first glance similar to the key result of Tumlinson
et al. (2011) for COS-Halos, that there is much less OVI around
quiescent galaxies in comparison to their star-forming counterparts.
However, this result is based on a population sample spanning more
than one dex in stellar mass – that is, it was never demonstrated,
nor claimed, at fixed mass. Indeed, Oppenheimer et al. (2016) ex-
plains the COS-Halos finding as dominated by a simple mass trend,
that the quenched galaxies of the sample reside on average in more
massive halos, and that these more massive halos have smaller OVI
7 These are likewise the same systems as the first 30 galaxies in Figure 13
of Nelson et al. (2018) – predominantly morphological evolved spheroids.
columns (as also shown here, Figure 8). The correlation we predict
at fixed mass is therefore fundamentally different, and would re-
quire an observational sample with enough statistics (i.e. many tens
of systems in a similarly narrow mass bin in M? or Mhalo) to either
verify or disprove. As we discuss below in Section 6, this corre-
lation also implies the existence of a causal link between energetic
feedback from the blackhole of the central galaxy and the OVI con-
tent of its CGM, illuminating an important part of the baryon cycle.
5.1 Correlations beyond galaxy color and SFR
Notably, optical color is not the only galaxy property which shows
clear connections with the total MOVI of the halo. Figures 18, 19,
and 20 explore several such correlations, with six panels per fig-
ure. Each presents a different galaxy or halo property as a func-
tion of galaxy stellar mass, for all central galaxies of TNG300 at
z = 0. The solid black line shows the median relation, while the
dotted envelopes give the 10th to 90th percentiles. The bulk of the
galaxy population therefore falls in this range. In every case, the
background color distribution shows the median total gravitation-
ally bound OVI mass in all the halos which fall into that bin, from
105 to 106.8 M. Since every pixel/bin with at least one galaxy is
colored, extreme tails of the distributions are also present. In the
9.0 < log(M?/M ) < 12.0 range, TNG300 contains 162,000 cen-
tral galaxies at z = 0 which are included in each panel. Many quan-
tities are computed within some multiple of the stellar half mass
radius, denoted by r?,1/2.
Our main focus here is not on the trends of each property
with M?, or the overall trend of MOVI with M?, but rather the rel-
ative abundance of OVI mass of outliers with respect to ‘average’
galaxies. That is, we are particularly interested in vertical trends
– vertical color gradients – at fixed stellar mass, indicative of im-
portant secondary although non-trivial trends of halo MOVI with a
given property. These features may be present only over restricted
ranges in stellar mass. Frequently, we observe strong trends at fixed
M? ∼ 1010.5 M, where the bulk of the galaxy population begins to
transition from blue, star-forming, main sequence galaxies to the
red, quiescent population in TNG (Nelson et al. 2018). As a result,
a heterogeneous mix of both types of galaxies exist over this tran-
sitional range of stellar mass, often with very different properties
(e.g. sizes; Genel et al. 2018). In the following discussion we also
occasionally comment on trends as a function of halo mass or at
fixed halo mass, although these panels are not explicitly shown.
Figure 18 considers galaxy sSFR, with mass and SFR both
measured within 2r?,1/2 (upper left); galactic gas metallicity (up-
per right), galaxy gas fraction - gas mass normalized by baryonic
mass, both within 2r?,1/2 (center left), gas sizes in terms of their
half mass radii (center right), mean volume-weighted temperature
of the halo gas, defined as 0.15 < r/rvir < 1.0; (lower left), and the
total gravitationally bound metal mass (lower right).
The sSFR panel demonstrates how the star formation main se-
quence of IllustrisTNG is truncated at & 1010.5 M, beyond which
the majority of galaxies begin to enter the quiescent population
(Weinberger et al. 2018). The overall trend of increasing MOVI with
M? results in maximal OVI for star-forming galaxies which are just
pre-quiescence. However, at lower masses and at fixed M?, galaxies
above the median relation have more OVI mass than those below
it. This is driven by halo mass – at fixed halo mass there is no such
correlation of MOVI with sSFR (not shown). The Zgas view shows a
correlation between halo OVI mass and the gas-phase metallicity of
the central galaxy at fixed stellar masses around ∼ 1010.5 M. Here,
unquenched galaxies remain on the median mass-metallicity rela-
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Figure 15. Projected OVI column density maps around a sample of z = 0 blue galaxies, selected as having (g-r)< 0.6, and taken from the halo mass bin
1012 <Mhalo/M < 1012.2 of TNG100. These are the same systems as the first 30 of Figure 12 in Nelson et al. (2018). Every panel is 800 kpc on a side,
and oriented such that the central galaxy would be face-on. White circles show virial radii. Halos in this mass regime surrounding blue galaxies are always
surrounded by a circumgalactic reservoir of OVI, with peak column densities in the central regions commonly reaching 1015 cm−2.
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Figure 16. Projected OVI column density maps at z = 0 as in Figure 15 except here for red galaxies, selected as having (g-r)> 0.6 and in the same halo mass
bin 1012 <Mhalo/M < 1012.2, corresponding to the low-mass end of the red sequence. These are the same systems as the first 30 of Figure 13 in Nelson et al.
(2018). The white circle in each panel shows the halo virial radius. The total amount of OVI around red galaxies is clearly suppressed, as is its average and
maximal column densities, coincident with less spherical and more disturbed spatial distributions.
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Figure 17. Correlation between the total mass of OVI in the halo and the
(g-r) color of the central galaxy at fixed mass. Results for both TNG100
and TNG300 are shown. For the former, all the individual systems in these
mass bins are shown with individual markers (of order 1000). For TNG300
the 16th to 84th percentiles about the median are given by colored band
(including ∼ 10,000 objects). We include all galaxies in a narrow stellar
mass range of 1010.4 < M?/M < 1010.6 (solid lines). To demonstrate that
the same trend exists at fixed halo mass, we also show the TNG300 result
in the narrow halo mass bin of 1012.0 < Mhalo/M < 1012.1 (dashed line).
tion (MZR; explored for TNG in Torrey et al. 2017), while galax-
ies whose BHs have transitioned into the low-state have evacuated
central, cold, metal-enriched gas mass, allowing relatively less en-
riched inflows to dilute the remaining Zgas. This trend also exists at
fixed Mhalo, and outside of this transition regime in mass there is no
strong OVI trend with Zgas at fixed M?.
Gas depleted galaxies at all M? . 1011 M also have lower
OVI masses, and the correlation at fixed M? ∼ 1010.5 M holds also
at fixed halo mass, while the correlation at fixed M? . 1010 M is
absent at fixed halo mass (i.e. the color gradient is purely horizon-
tal with Mhalo and has no secondary dependence on fgas). This is
a common feature in these figures, and represents a localized seg-
regation in halo OVI content corresponding to whether or not the
central blackhole has transitioned into its more effective, low ac-
cretion state, feedback mode. This localization is therefore in MBH,
not stellar mass, as we show below. As the half mass radii of the
gas component monotonically increases with stellar mass we ob-
serve the first hint of a horizontal threshold over log(M?/ M) =
10.5 ± 0.2. Galaxies with rgas,1/2 & 102.2 kpc have suppressed OVI
content relative to their smaller counterparts. Apart from this fea-
ture, there is no significant trend of MOVI with galaxy size, in either
gas or stars, at fixed halo mass. For comparison, the halo virial
radii are shown as a dashed line in this panel. High rgas,1/2 out-
liers have apparently experienced a significant redistribution of gas
mass, lowering the central densities (as seen also in fgas) and ex-
panding the radius needed to enclose half the gas mass in the halo.
For the gas temperature in the halo we take the volume-
weighted mean of all non star-forming gas cells in the radial range
0.15 < r/rvir < 1.0. The resulting secondary correlation with OVI
mass is remarkably similar to that just discussed for the gas sizes.
There is a broad trend of increasing MOVI with increasing Thalo at
fixed stellar mass, which arises from scatter in the SMHM as we
show below. Around M? ∼ 1010.5 M, however, we see that halos
with gas temperatures above the median are substantially depleted
in OVI content – in addition to physical redistribution, there is also
a thermal effect contributing to the shift in oxygen ionization state
occupations (see discussion). For comparison, the canonical virial
temperature of the halos are shown as a dashed line. The final panel
shows that over the broad range of 10.0 < log(M?/ M) < 11.0 a
significant scatter is present in the MZ − M? relation of total gravi-
tationally bound gas-phase metal mass to galaxy stellar mass. This
scatter is only downward – i.e., some systems are strongly metal
depleted, and as might be expected, that same population is also
strongly MOVI deficient. Note that MZ sums over all metals in the
central galaxy as well as the CGM. Therefore, this large fraction
of missing metals is entirely removed from the halo reservoir of
gravitationally bound baryons.
Figure 19 considers six properties primarily of the stars: stellar
surface density within r?,1/2 (upper left) and galaxy stellar metal-
licity within 2r?,1/2 (upper right); galaxy (g-r) optical color (center
left; using the fiducial model of Nelson et al. 2018); stellar sizes
in terms of the half mass radii (center right); the measurement of
oriented rotational support κ? for the stars (lower left) and the gas
(lower right; strong spheroids with κ < 0.3 and prominent disks
having κ > 0.6, see Rodriguez-Gomez et al. 2017).
There is only a weak segregation of OVI content with Σ?, even
in the midst of the transition. Similarly, the Zstars panel shows no
significant correlations, as the metallicities of existing stellar pop-
ulations cannot be modified by the quenching process. We have
already seen the marginalized relation between MOVI and galaxy
(g-r) color at fixed stellar as well as halo mass in Figure 17. In the
transition regime, red galaxies have less OVI in their halos than
blue galaxies. There is little sign of trends at either M? . 1010 M
or M? & 1011 M, except that a significant fraction of rejuvenated
massive systems recover high OVI masses. These are the individual
isolated pixels in the lower-right region of the panel. Either the oxy-
gen created by the refreshed star formation and expelled in galactic
winds has boosted the overall halo oxygen content, or the process
which reignited star formation in the first place also positively con-
tributed to the halo OVI, as might be expected when the circum-
galactic media of two halos combine during a galaxy merger (e.g.
Hani et al. 2018).
The half mass radii of the stellar component, as with the gas,
monotonically increases with stellar mass (see Genel et al. 2018,
for the size-mass relation in TNG). However, unlike the strong
horizontal threshold seen in rgas,1/2, we find only a mild trend of
OVI mass with stellar size at fixed mass. At M? ∼ 1010 M,
more compact systems have systematically more OVI, while for
M? & 1010.5 M larger galaxies which are also naturally more star
forming have larger MOVI. We connect this to the blackhole feed-
back below, which has a direct kinetic impact on the gas in the low
accretion state mode. On the other hand, BH feedback has no direct
dynamical impact on the stars (other than subsequent orbit evolu-
tion due to modification of the total underlying potential), which
we see reflected in the lack of a strong correlation between r?,1/2
and MOVI with either stellar or halo mass fixed.
The κ?,rot and κgas,rot measures of rotational support (e.g. Sales
et al. 2012) have broadly similar features. Strong gaseous disks
with significant angular momentum at low mass are paired with rel-
atively strong stellar disks, both of which disappear with decreasing
κ for massive galaxies with M? & 1010.5 M. Each has a diagonal
feature in the secondary MOVI correlation indicating that galaxies
which have already lost a significant amount of rotational support
have likewise lost a significant amount of halo OVI. That is, disk
galaxies have more OVI than spheroids, at fixed M?. We saw the
same correlation with sSFR previously.
Figure 20 considers key properties of the halo gas and the su-
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Figure 18. Six different relations of various galaxy/halo properties as a function of stellar mass for central galaxies at z = 0. In each case, we include
the median relation (black solid line) and the 10-90 percentiles (dotted black lines). The background color shows the median OVI mass for all systems in
that bin. Here we show (i) specific star formation rate, (ii) galaxy gas metallicity, (iii) galactic gas fraction, (iv) size (half mass radii) of the gas, (v) mean
volume-weighted temperature of halo gas, and (vi) the total gravitationally bound gas-phase metal mass.
permassive blackholes hosted therein. They are: the mean volume-
weighted hydrogen number density of the halo gas in 0.15 <
r/rvir < 1.0 (upper left); halo gas fraction within r200,crit (upper
right, i.e. Mgas/Mtot); volume-weighted mean β−1 ratio of PB/Pgas
in the halo gas (center left), cumulative energy injected by the cen-
tral SMBH over its lifetime while in the low accretion ‘kinetic wind
feedback’ state (center right), the mass of the SMBH itself (lower
left), and the total halo mass M200,crit (lower right). This final panel
shows a view of the stellar mass to halo mass (SMHM) relation.
We have already seen that suppressions of both galactic gas
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Figure 19. Six different relations of various galaxy/halo properties as a function of stellar mass for central galaxies at z = 0. In each case, we include the
median relation (black solid line) and the 10-90 percentiles (dotted black lines). The background color shows the median OVI mass for all systems in that
bin. Here we show (i) central stellar surface density, (ii) galaxy stellar metallicity, (iii) (g-r) stellar color, (iv) stellar sizes also in half mass radii, (v) κ rotation
measure of the stars, and (vi) κ of the gas.
fraction and total metal mass correspond to lower MOVI, and the
nH,halo panel shows that the average halo gas density traces this
same trend. Namely, for M? > 1010 M there is an outlier pop-
ulation which scatters below the median relation, and these halos
with 0.5-1.0 dex lower average gas density also have lower total
OVI mass. The physical process which ejects gas from the central
galaxy and metals from the entire halo also clearly lowers the total
gas content and so the average density of halo gas. The amount of
this halo gas within the virial radius relative to the cosmic baryon
fraction varies as a function of mass. In the most massive clusters,
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Figure 20. Six different relations of various galaxy/halo properties as a function of stellar mass for central galaxies at z = 0. In each case, we include the
median relation (black solid line) and the 10-90 percentiles (dotted black lines). The background color shows the median OVI mass for all systems in that bin.
Here we show (i) mean volume-weighted hydrogen number density in the halo, (ii) halo gas fraction within r200,crit, (iii) volume-weighted β−1 ratio of halo
gas, (iv) cumulative energy injection in the BH low-state feedback mode, (v) redshift zero blackhole mass, and (vi) total halo mass.
it asymptotes to Ωb/Ωm, while for the lowest mass galaxies fgas is
relatively constant with a median value of roughly half this value.
In the transition regime the strong trend of MOVI is similar to that
seen in the average halo gas density, such that more baryon depleted
halos have progressively less OVI.
The halo β−1 = PB/Pgas has a more complex behavior: in
the transition regime at 10.5 . log(M?[M]) . 11.0 galaxies with
more OVI also have higher gas and magnetic pressures than the
median, and this is true also at fixed halo mass. The increase of
Pgas is however larger, lowering β for these halos. In contrast, at
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M? . 1010 M we find that Pgas increases with OVI content while
PB actually decreases. As a result, halos with MOVI above the me-
dian actually have a lower degree of magnetic pressure support,
and in net effect β increases, causing the crossover of the correla-
tion at M? ' 1010.5 M. Details of the physics of the magnetic field
amplification process and the relative balance between magnetic,
thermal, and kinetic energy in halo gas are explored at the Milky
Way mass scale in Pakmor et al. (2017).
Black hole mass itself, together with the total integrated en-
ergy released by BHs in the low feedback state, are the only other
properties besides rgas,1/2 which display strong horizontal features
in the MOVI trend. Namely, at fixed stellar mass over one dex in
M?, galaxies which host a central blackhole more massive than
' 108.1 M show severe depletion of their halo OVI content. Fur-
thermore, this transition occurs at this same fixed MBH independent
of stellar mass, indicating that black hole mass is more strongly
correlated with MOVI in the transition regime than M? itself.
The physical cause of this association is made clear in the
integrated energy injection, which has significant range at fixed
stellar mass, from zero up to ' 1059 erg at M? ' 1010.5 M. For
low values of this injected energy galaxies have their ‘full com-
plement’ of OVI, as would be expected from the underlying posi-
tive trend with stellar mass. Past a well-defined threshold, approx-
imately
∫
EBH,low & 1059 erg, the halo loses of order 90% of its
gravitationally bound OVI mass. This threshold exhibits a diago-
nal tilt which is nearly linear, increasing by roughly one order of
magnitude in total energy from M? = 1010 to 1011 M. It there-
fore appears that massive galaxies require slightly more massive
blackholes before they enter this regime. In this panel we also in-
clude an estimate for the redshift zero halo baryon binding energy
EB = (3/5)(Ωb/Ωm)GM2200/r200 with the dashed line. Although this
intersects the BH injected energy at the interesting mass scale of
M? ∼ 1010.5 M we caution that this energetics comparison can-
not capture the important complexities of how the actual feedback
energy has coupled to, and physically affected, baryons in the halo.
Although not shown here, we also observe a scaling of MOVI
with the formation time of the dark matter halo, whereby earlier
forming halos have less OVI than later forming halos, at fixed Mhalo.
We attribute this to the fact that older halos will have had time to
grow more massive BHs and so quench at higher redshift.
The final panel shows the halo mass trend at fixed M?, which
is significant. It is a view of the stellar mass to halo mass (SMHM)
relation of TNG at z = 0, and demonstrates that the scatter has
strong residual dependence on MOVI. We have already seen the
overall trends marginalized over each of the two axes in Figure
8. A galaxy has either more or less OVI in its halo depending
sensitivity on its distance away from the median SMHM relation.
Of particular importance here is the temperature of the virialized
hot halo gas, which increases with Mhalo such that the presence of
OVI is a strong (although degenerate) indicator of halo mass. Since
Tvir ∝ M2/3halo, even a small shift in halo mass can imply a large shift
in the temperature-sensitive ionization fraction of OVI. Although
the SMHM relation has a small scatter (see Pillepich et al. 2018b)
galaxies at a given, fixed stellar mass will exhibit OVI absorption
columns through their CGM which depend on the mass of the par-
ent dark matter halo they inhabit.
6 DISCUSSION
6.1 The OVI Content of the Low-Redshift CGM
The nature of the correlation measured in Figure 17 implies a causal
relationship between CGM OVI and galaxy color (or equivalently,
sSFR). This stands in contrast to the result of Oppenheimer et al.
(2016), which ascribed the dichotomy of NOVI around star-forming
versus quenched galaxies as observed in COS-Halos to the underly-
ing correlation of color/sSFR with halo mass. What we find in the
TNG model, instead, is a direct effect: the same physical process
which strongly modifies the color/sSFR of galaxies as they quench
also modifies the physical state of its circumgalactic medium. The
clearest culprits from Figures 18, 19, and 20 are the two proper-
ties, beyond halo mass, which reveal the strongest trends of MOVI
at fixed stellar mass. These are the black hole mass, and the to-
tal energy injected in the kinetic wind (low accretion state) by
the central blackhole. In both cases, the total OVI mass in the
halo drops abruptly above a critical value of MBH ' 108 M, or∫
EBH,low ' 1059 erg, respectively. The panels of Figure 20 for these
quantities both show strong horizontal boundaries at these values,
indicating that beyond this point (at fixed stellar or halo mass) ha-
los are severely depleted in their OVI content. Black hole mass as
well as total energy injection can only increase with time; such an
increase therefore tracks the evolutionary progression of a galaxy.
The physical properties of the halo gas are modified by this
energy input, becoming hotter, less dense, and less metal enriched.
By inspection of the median radial profiles around red versus blue
galaxies at a fixed halo mass of Mhalo ' 1012 M (not shown) we
observe that: (i) quenched galaxies are surrounded by a less dense
CGM at all radii out to the virial radius; (ii) the metal mass density
profiles around quenched galaxies are flatter, being lower within
∼ 150 kpc and higher in the near field beyond this radius; (iii) the
gas-phase metallicity profiles is likewise shallower, the crossover
just outside the galaxy at ∼ 20 kpc; and (iv) the CGM around
quenched galaxies is less pressurized and hotter at all radii within
the virial radius, the latter effect causing an average temperature in-
crease of order 0.1 dex in log K. The cooling properties of the halo
gas are also modified. In general, the median cooling time of OVI
halo gas is of order ∼ 3− 5 Gyr, increasing gradually with M? to as
high as ∼ 10 Gyr for massive galaxies above 1011 M (not shown).
Replenishment or maintenance of this gas in its OVI rich state is
therefore required on these timescales. Comparing red versus blue
galaxies at Mhalo ' 1012 M we note that the MOVI weighted gas
cooling timescales are systematically larger in the halos around
quenched systems, by as much as a factor of 2 − 3.
These shifts in how halo gas occupies the density-temperature
plane lower the ionization fraction of OVI – the direction of change
in Figure 3 (upper left panel) is diagonally upward to the left,
moving off the intersection of the photo and collisional excitation
branches. At the same time, the mass density of metals including
oxygen in the CGM drops within the halo as they are pushed to
larger radii. This physical redistribution is the dominant culprit for
OVI suppression, as the total loss of oxygen mass from the halo
accounts for the majority of the corresponding lost ionic mass. The
low accretion state ‘kinetic wind’ feedback of the central super-
massive blackhole therefore impacts the CGM through these two
distinct physical effects, and both together result in the dichotomy
of OVI around red versus blue galaxies.
A similar argument related to baryonic feedback processes
could also be applied to the galactic winds driven by star formation,
rather than blackhole activity. In the context of the TNG model,
winds are not the driver of the observed dichotomy around the
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Milky Way mass regime. However, for less massive galaxies where
BHs are sub-dominant, a physical connection between feedback ef-
fects and CGM properties may also exist (Nelson et al. 2015b).
Data from the COS-Burst survey offers such a suggestion (Heck-
man et al. 2017). Comparing absorption of hydrogen as well as
metals in the CGM of starburst galaxies relative to a control sample,
they find stronger absorption around the former, consistent with a
causal connection between galactic feedback and the properties of
its CGM. As their sample spans ∼ 1010 M to ∼ 1011 M galax-
ies, precisely the transition regime we have explored in Figures 17
through 20, we even hypothesize that some of the effects seen are
driven by blackhole rather than stellar feedback. Regardless, our
findings support the causal nature of the observed differences and
highlight the importance of the CGM as a dynamic interface regime
between small-scale baryonic effects originating inside galaxies
and possibly large-scale consequences in the CGM and even IGM.
6.2 OVII and OVIII: Connecting to Milky Way Observations
and Models
We have focused in the second half of Section 4 as well as Section
5 on OVI and the observational connection to UV absorption line
studies enabled by COS. Before concluding we return briefly to the
two higher ions of OVII and OVIII. Absorption measurements here
require x-ray spectroscopy, and remain difficult due to the spec-
tral resolution and sensitivity of current instrumentation (e.g. Buote
et al. 2009; Williams et al. 2013). However, absorption in both ions
in the immediate vicinity of the Milky Way (i.e. from within its
CGM) has been detected and characterized.
There have been several subsequent efforts to derive consis-
tent models for the gas distribution in the Milky Way halo. Semi-
empirical models often combining OVII and OVIII tracers in ei-
ther absorption or emission then determine consistent gas density
profiles and other characteristics of our nearby circumgalactic gas
reservoir. Particularly, to estimate the total gas mass within the dark
matter halo, and therefore assess the apparent ‘missing baryons’
issue relative to the expected cosmic baryon fraction. If the halo
hosts a total baryonic mass equal to the universal baryon fraction
fb = 0.157 (Planck Collaboration 2016) multiplied by the allowed
halo mass range of 1011.85 − 1012.28 M (2σ bounds of McMillan
2017), then the naive expectation is a total Mb between 1011.0 M
and 1011.5 M (∼ 2σ). The observationally constrained total stellar
plus cold gas mass is ∼ 6 − 7 × 1010 M (McMillan 2017), leaving
between 4×1010 M and 2.5×1011 M total baryonic mass expected
to reside in the warm/hot circumgalactic medium.
Miller & Bregman (2015) constrain a model with OVII and
OVIII line emission measured with XMM-Newton, with best fit
total hot gas masses of 2.9 − 5.3 × 109 M (within 50 kpc) and
2.7 − 9.1 × 1010 M (within 250 kpc). They note that the best fit
radial model would need to extend to several times the virial ra-
dius to recover the cosmic baryon fraction. Li & Bregman (2017)
extend this analysis, also using OVII and OVIII emission, finding
the enclosed baryon mass within 250 kpc to be 3.1+0.5−0.3 × 1010 M,
which accounts for only 18% of the missing baryon mass, which is
given as 1.7 × 1011 M, after excluding the stars and cold gas. The
model of Faerman et al. (2017) models OVI absorption from COS
sightlines as well as unresolved OVII and OVIII x-ray absorption to
constrain the warm/hot corona of the Milky Way and deduce a total
hot gas mass (upper limit) of 3.4 × 1011 M. Their model contains
a total gas mass of 1.4 × 1011 M within 250 kpc, which increases
to 2 × 1011 M when including the disk baryon mass.
To make a comparison, we construct a simple simulated Milky
Way sample by selecting: central galaxies with total Mhalo in the
range given above, a sSFR near the z = 0 star formation main se-
quence, specifically −1.3 < log (sSFR[Gyr−1]) < −0.3 to avoid
quenched galaxies, and κgas,rot(Jz > 0) > 0.6 (see Section 5) to re-
strict to disk-like morphologies. At redshift zero this sample has
298 galaxies in TNG100. Within 50 kpc, the total gas mass is
3.0+1.6−1.2 × 1010 M and the total baryonic mass is 6.0+2.3−1.7 × 1010 M,
giving the median, 16th, and 84th percentiles. Within 250 kpc, the
total gas mass is 1.0+0.4−0.2 × 1011 M and the total baryonic mass is
1.3+0.5−0.2 × 1011 M. The prediction of TNG is therefore roughly 2/3
the value of Faerman et al. (2017), 4 times the value of Li & Breg-
man (2017), and fully consistent with the simplest expectation from
the cosmic baryon fraction.
As the OVI, OVII, and OVIII signatures of our simulated
gaseous halos arise self-consistently from the the same baryonic
components aggregated in the preceding discussion, this compar-
ison highlights a targeted utility of cosmological hydrodynamical
models. In the future, detailed and direct application of the Illus-
trisTNG simulations to these regimes as well as to detailed empiri-
cal modeling of our own Milky Way (Miller et al. 2016) will benefit
from a more sophisticated analysis enabled by actual mock absorp-
tion spectra (e.g. Bird et al. 2015; Hummels et al. 2017; Liang et al.
2017) as well as explicit modeling of the UV and x-ray emission
from extragalactic gas – Bertone et al. (2010), Corlies & Schimi-
novich (2016), Nelson et al. (in prep).
7 SUMMARY OF CONCLUSIONS
In this paper we used the TNG100 and TNG300 cosmologi-
cal magneto-hydrodynamical simulations, part of the IllustrisTNG
project, to explore the abundance and distribution of three observ-
able ions of oxygen (OVI, OVII, and OVIII) across a wide range
of scales, from the circumgalactic medium (CGM) of galaxy halos
to the large-scale structure of the intergalactic medium (IGM). We
study the prevalence and evolution of the OVI (O5+) distribution
in particular, make a quantitative comparison to several observa-
tional datasets including COS-Halos8, and explore the connection
between the physical state of the CGM and the properties of the
galaxy hosted at its center.
With respect to comparison against current and future obser-
vational constraints we find that:
• The incidence of OVI absorption f (NOVI) is measured in the
TNG100, TNG300, and Illustris simulations and contrasted against
the observed low-redshift column density distribution function
(CDDF). While Illustris underpredicted the frequency of OVI ab-
sorption at all columns, TNG shows a marked improvement, with
TNG300 in excellent statistical agreement, and TNG100 having
even slightly too common high column absorption.
• In addition, we also present the predicted CDDFs of OVII and
OVIII at redshift zero, as well as the evolution of all three column
density distribution functions from z = 0 to z = 4. High res-
olution x-ray absorption spectroscopy enabled by future mission
concepts, such as the grating spectrometer on Lynx, will provide
powerful constraints on these three adjacent oxygen ions for which
explicit predictions are now available from hydrodynamical simu-
lations such as TNG.
8 The data derived herein, including the global scaling relations for differ-
ent oxygen phases as well as mock UV absorption line surveys, will be re-
leased in the future TNG public data release (following Nelson et al. 2015a).
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• We compare to observed OVI statistics from the COS-Halos
survey by creating a mock survey made up of 100 simulated real-
izations of each observed galaxy. The resulting sample covers the
observed galaxies in the M?-sSFR plane by construction. Measur-
ing NOVI columns at matching impact parameters for each simu-
lated galaxy, we quantify the statistical (dis)agreement with an av-
erage parameter 〈λ〉 = 0.62+0.18−0.38, where λ = 0 indicates maximal
disagreement and λ = 1 maximal consistency. We conclude that
the COS-Halos OVI absorption data is fully consistent with having
been drawn from the simulated probability distributions of the cor-
responding mock sample. The high observed covering fractions (&
60% within 150 kpc, & 80% within 75 kpc) are successfully pro-
duced by TNG100. The observed dichotomy around low vs. high
sSFR (or M?) galaxies is also qualitatively reproduced and quanti-
tatively consistent with the simulations.
• This same exercise is repeated for the eCGM survey, which
samples a wider range of galaxy properties at generally larger im-
pact parameters, and with increased number statistics. For the de-
tections 〈λ〉 = 0.57+0.30−0.21, and we conclude that there is no statisti-
cally significant tension between the eCGM dataset and TNG100
simulation. We recover with excellent agreement the covering frac-
tions of eCGM split into early-type and late-type galaxy classifica-
tions, although we do not find a signal in the differential covering
fractions of isolated vs. non-isolated halos as claimed.
• Our assessment of the TNG model compared to the observed
OVI CDDF and NOVI columns around low-redshift galaxies from
COS-Halos and eCGM validates its physical fidelity in a regime
the simulation has been neither tested nor calibrated on.
This broad agreement gives us significant confidence that the
simulations are a useful, and accurate, tool. We therefore undertake
a comprehensive census of these three ions of oxygen and point out
several novel, observationally testable predictions of our model:
• We measure the total gravitationally bound mass and aver-
age projected column densities of each ion across the full range
of relevant halo (or galaxy) mass: 1011 < Mhalo/M < 1015 corre-
sponding to 109 < M?/M < 1012 in stellar mass. For OVI, OVII,
and OVIII, the largest projected column densities are reached in
halos of 1012, 1012.5, and 1013.5 M, respectively.
• We compute the stacked radial profiles of OVI from the scale
of the inner halo to the distant IGM (∼ 1 kpc to ∼ 10 Mpc). Com-
bining halos in several mass bins, we provide profiles in 3D num-
ber density as well as 2D projected column, both decomposed into
‘1-halo’ and ‘2-halo’ terms. This 2-halo contribution arises from
absorption in other secondary halos as well as in the diffuse IGM,
and becomes dominant just beyond the virial radius (in 3D num-
ber density) or even slightly interior to rvir (in 2D projected column
density). For Milky Way mass halos, the median NOVI(r) profile
drops slowly from 1016 cm−2 in the halo center to 1015 cm−2 at rvir.
• Across the global cosmological volume, including both halos
and the intergalactic medium, TNG predicts a total matter density
of ΩOVI = (ρOVI/ρcrit,0) ' 7 × 10−7 at z = 0.
• Beyond the 1-point statistic of the CDDF, we measure the spa-
tial clustering of OVI, OVII, and OVIII mass with the two point
correlation function ξ(r). The shape of ξ for all three ions is
qualitatively different than that of either total gas mass, or total
metal/oxygen mass, flattening at small scales of . 100 kpc. We
interpret this as tracing a relatively homogeneous, shallower mass
distribution of ionized oxygen with low intra-halo substructure.
• Finally, we explore how halo OVI content relates to proper-
ties of the central galaxy. In the transition regime from predom-
inantly blue to red galaxies (M? ∼ 1010.5 M) we observe that the
total mass of OVI depends strongly on several measurable proper-
ties. For instance, galaxies with higher gas fractions, specific star
formation rates, gas metallicities, bluer colors, less massive black-
holes, or smaller gas sizes all have more OVI in their CGM than
otherwise. Galaxies which are more rotationally supported, in ei-
ther their stellar or gaseous components, also have more OVI than
their lower κ counterparts. These statements all hold at fixed stellar
or total halo mass.
Finally, investigating the origin of highly ionized oxygen and
drawing our main physical inferences:
• We use a large suite of smaller simulations to explore the TNG
model sensitivity and dependence on various physical processes
and parameters. In particular, we demonstrate how strongly the
OVI CDDF and covering fractions around Milky Way mass ha-
los change with permutations to the included feedback processes,
the details of the galactic winds and blackhole feedback, and more
subtle aspects of the magnetic fields, stellar yields, and numer-
ics. While current observations can easily discriminate between
extreme model variations, they are most useful at present as an a
posteriori consistency check.
• Most illuminating, we see sharp boundaries in the trends of
halo OVI content with both black hole mass and the total energy
injected by supermassive blackholes in their low accretion (kinetic
feedback mode) state. At fixed M?, galaxies with MBH > 108 M,
or total low-state injected energy greater than 1059 erg have lost &
90% of their OVI. We conclude that blackhole feedback in its low
accretion state directly affects the halo OVI content, and is the dom-
inant cause of the numerous correlations of MOVI with other galaxy
properties. In particular, blackhole feedback produces the trend
of higher NOVI columns around blue versus red (or star-forming
versus quiescent) galaxies, similar to that first noted in COS-
Halos. The dominant reason is direct physical redistribution (i.e.
ejection) of metal mass from the CGM; modified ionization state
(i.e. hotter gas temperature) is a secondary though non-negligible
effect. This dichotomy holds even at fixed stellar mass, and is a
causal consequence of galactic-scale baryonic feedback impacting
the physical state of the circumgalactic medium.
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